







Dottorato di ricerca: 
Scienze Applicate per la Protezione  
dell’Ambiente e dei Beni Culturali 
Dipartimento di Scienze della Terra 
 
Coordinatore:   Adriana MARAS 
Tutore/i: Silvano MIGNARDI 












Nel presente lavoro sono riportati i risultati di uno studio multianalitico finalizzato alla 
caratterizzazione archeometrica di frammenti ceramici del sito archeologico di Khirbet 
al-Batrawy, Giordania, datati tra il 3000 e il 2000 a.C. con lo scopo di definirne la 
provenienza, le tecnologie di produzione e la relativa evoluzione tecnologica nel tem-
po.  
L’obiettivo principale è stato quello di identificare e caratterizzare dal punto di vista 
mineralogico-petrografico e composizionale i manufatti ceramici rinvenuti ed i mate-
riali utilizzati nella loro produzione. Tali informazioni risultano indispensabili per uno 
studio approfondito sull’insieme di influenze e contatti che le popolazioni del Levante 
possono aver subito nel corso dei secoli. Ci si è proposto, inoltre, di contribuire a defi-
nire con maggior dettaglio il livello tecnologico raggiunto: eventuali azioni di selezio-
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ne della materia prima e tipologia di rivestimento, massima temperatura e controllo 
delle condizioni redox durante la cottura.  
A questo scopo sono stati analizzati i frammenti provenienti da quattro differenti con-
testi stratigrafici datati tra il 3000 e il 2000 a.C. e rappresentativi delle diverse produ-
zioni ceramiche rinvenute nel sito: ceramica comune, ceramica dipinta, ceramica luci-
data, ceramica da trasposto, ceramica da cucina, la cosiddetta ceramica metallica ed 
una produzione specializzata caratteristica del Levante definita Khirbet Kerak Ware. I 
campioni ceramici sono stati caratterizzati mediante analisi macroscopiche, micro-
Raman e Spettroscopia Infrarossa (FTIR) per identificare gli inclusi, le decorazioni 
superficiali dei frammenti e per caratterizzare la matrice. I campioni ceramici sono sta-
ti successivamente analizzati mediante microscopia ottica in sezione sottile per defini-
re gruppi petrografici omogenei in termini di microstruttura, massa di fondo e compo-
sizione degli inclusi. Analisi micromorfologiche sono state effettuate mediante SEM-
EDS per definire la struttura della pasta di fondo, la natura degli inclusi e il grado di 
vetrificazione della matrice. Parte dei campioni è stata analizzata mediante XRD per 
definire la composizione mineralogica ed identificare la possibile presenza di fasi di 
neoformazione originatesi in seguito alla cottura. 
La composizione chimica delle ceramiche è stata determinata mediante ICP-MS e i 
risultati sono stati elaborati applicando l’analisi statistica multivariata con lo scopo di 
distinguere se le ceramiche fossero prodotte localmente o se vi fossero elementi che 
potessero permettere di ipotizzare un’importazione su scala regionale.  
Sulla base dei risultati dell’analisi minero-petrografica è stato possibile identificare 
dodici fabrics caratterizzate da inclusi di dimensione grossolana disposti nella matrice 
secondo una distribuzione unimodale; ciò suggerisce la mancanza di qualsiasi inter-
vento o processo di purificazione della materia prima durante le fasi di preparazione 
dell’impasto ceramico. I risultati delle indagini minero-petrografiche supportano 
l’ipotesi di un approvvigionamento locale delle materie prime. In particolare, la pre-
senza di inclusi di feldspato alcalino, zircone, apatite e barite è da correlare al contri-
buto delle rocce ignee e metamorfiche del basamento cristallino Pre-Cambriano. La 
presenza di frammenti di rocce basaltiche è da ascriversi agli estesi affioramenti di tali 
rocce in prossimità del sito archeologico. Pertanto, questi risultati suggeriscono che le 
ceramiche di Batrawy probabilmente furono prodotte localmente. Le medesime con-
clusioni possono essere dedotte anche per i frammenti di Khirbet Kerak Ware, un 
gruppo ceramico tipologicamente differente dalle altre produzioni del sito di Khirbet 
al-Batrawy caratterizzato da una superficie di rivestimento lucida di colore rosso/nero.  
Le analisi chimiche, e in particolare il trattamento statistico dei dati, mostrano che i 
frammenti ceramici appartengono ad un unico cluster, suggerendo l’impiego di mate-
rie prime composizionalmente simili, probabilmente estratte nelle medesime aree.  
  
La presenza di calcite primaria, illite, gehlenite e diopside permette di ipotizzare che il 
materiale di partenza fosse un mix composto prevalentemente da illite e carbonati, cot-
to a temperature inferiori a 950°C. Un leggero incremento nella temperature di cottura 
è stato osservato nelle ultime fasi della storia di Khirbet al-Batrawy, suggerendo una 
possibile evoluzione delle conoscenze del processo di cottura del materiale ceramico.  
Per quanto concerne l’evoluzione della produzione ceramica, non sono stati osservati 
significativi cambiamenti durante la lunga storia della città di Batrawy. Questi risultati 
supportano l’ipotesi che durante i mille anni di vita della città il background tecnolo-
gico di queste popolazioni non abbia subito variazioni significative. Tuttavia, la varia-
bilità osservata nelle fabrics petrografiche suggerisce una certa evoluzione tecnologica 
nel corso del tempo. La correlazione tra fabrics e tipologia ceramica osservata nel 
primo periodo storico è indice della fase di start-up della produzione ceramica a Ba-
trawy. La presenza di numerose fabrics petrografiche non direttamente correlabili ad 
una specifica tipologia ceramica nel secondo periodo testimonia una diffusa sperimen-
tazione nella scelta dei materiali di partenza e delle procedure di lavorazione. Nelle 
ultime fasi storiche si osserva una sorta di standardizzazione degli impasti, testimonia-
ta dal minor numero di fabrics identificate e dalla evidente correlazione tra fabrics e 
tipologia ceramica, ed un miglior controllo della fase di cottura. Questi segnali di lento 
miglioramento starebbero ad indicare anche una maggiore attenzione rivolta alla spe-





























“Credo di poter affermare che nella ricerca scientifica né il grado di intelligenza né la capacità di eseguire 
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The present PhD thesis reports the results of a multi-analytical study focused on the 
archaeometric characterization of Early Bronze Age pottery from the archaeological 
site of Khirbet al-Batrawy (Northern Jordan), dated back between 3000 to 2000 B.C.. 
This research is part of the Archaeological Expedition to Palestine & Jordan project 
coordinated by Sapienza-University of Rome and directed by Prof. Lorenzo Nigro, 
with the cooperation of the Department of Antiquities, the Hashemite Kingdom of 
Jordan and with the support of the Italian Ministry of Foreign Affairs.  
This project, studying the material culture of near East, provides information about the 
development of the technological aspects of pottery production in the Bronze Age 
considering that evidences of furnaces or kilns has not yet been found by the archaeol-
ogists.  
This work stands out for different reasons. First of all the pottery from Khirbet al-
Batrawy has never been studied applying an archaeometric approach. Therefore, the 
results here reported are an unicum. Secondly, the city's strategic location has enabled 
it to arise as a major Early Bronze Age center, controlling the area of the Upper Wadi 
az-Zarqua. Finally, the history of Khirbet is restricted to a limited period of about 
1000 years that permitted the good preservation of the remains and avoided later con-
taminations. In this view, the study of ceramic material from Khirbet al-Batrawy gives 
the possibility to obtain information in the reconstruction of trades in this region in a 
limited period of time. Moreover, the archaeometric analysis of the pottery can supply 
important information allowing the identification of cases of importation and/or local 
imitation of pottery as the case of the so-called Khirbet Kerak Ware. 
The aim of the study is to determine the mineralogical, petrographic and chemical 
composition of the Batrawy pottery, to explore the technological processes involved in 
their production, and to define the nature of the raw materials. This study therefore 
deals with the characterization of this pottery in order to determine potential differ-
ences in composition or technology and their correlation with various time periods and 
its evolution over time.  
To achieve these objectives, 101 potsherds from four different stratigraphic contexts 
dated between 3000 to 2000 B.C. have been analyzed and compared to geological ma-
terials collected from the surroundings of Khirbet al-Batrawy. The investigated sam-
ples represent a very diversified inventory of pottery productions such as Simple and 
Simple Painted Ware (SW-SPW), Storage Ware (StW), Kitchen Ware (KW), Khirbet 
Kerak Ware (KKW) a specialized pottery production characteristic of southern Levant 




and Metallic Ware (MW). Two other productions are distinguished on the basis of the 
related superficial treatments, i.e., Red Burnished Ware (RBW) and Red Polished 
Ware (RPW).  
All the samples have been investigated using both destructive and non-destructive 
analytical methods. Macroscopic observations, micro-Raman and Infrared spectrosco-
pies were employed to identify the inclusions of the paste and the composition of dec-
orations.  
Firstly, pottery samples have been analyzed by optical microscopy (OM) in thin-
section under polarizing microscopy to define homogeneous petrographic groups in 
terms of microstructure, groundmass, composition of inclusions and textural features. 
Micro-morphological analysis has been carried out by Scanning Electron Microscopy 
coupled with Energy Dispersive Spectroscopy (SEM-EDAX) to define the ground-
mass microstructure, inclusions and the degree of vitrification. Part of each potsherd 
has been analyzed by X-ray diffraction (XRD) to identify the mineralogical assem-
blage and in particular the newly formed mineralogical phases. The chemical compo-
sition has been determined by Inductively coupled plasma mass spectrometry (ICP-
MS) analysis and the results have been developed by a multivariate analysis with the 
aim to distinguish locally-produced or imported potteries from other settlement in Jor-
dan and to define the different technological background of productions adopted over 
time. 
The results obtained by the application of different analytical techniques are reported 
and discussed in separate sections to highlight their advantages and drawbacks in the 
characterization of archaeological pottery. 
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STATE OF THE ART 
Background information 
Ancient ceramic artifacts attracted the attention of scientists as being a chronological 
indicator within archaeological contexts that preserve information regarding their 
provenance, production process, use and conservation conditions through which they 
survived until nowadays. Such information are precious in terms of knowledge of the 
material culture of a people, the evolution of its technological background, provenance 
of the raw materials and the reconstruction of relationships and commercial trades 
among populations. 
Pottery was the first material created by humans as expression of their cultural back-
ground (Rice, 1987). The word "ceramic" is derived from the Greek keramos that de-
scribes a “burned material” or “burned earth”. It is formed primarily of clays with im-
purities or additives such as sand, carbonates (mollusk shells or crushed limestones), 
lithic fragments, grog (i.e., crushed ceramics), organic materials and volcanic ash. Af-
ter mixing with water, the starting paste is processed under firing to produce a harder 
and permanent object. Indeed, from a petrographic point of view, potsherds are as-
similated to artificial “metamorphic rocks” in which the protolith is the original raw 
material and the activation energy of metamorphism is represented by the firing pro-
cess (Maritan, 2004).  
The oldest pottery artifacts appeared in Neolithic times. Since then, pottery was wide-
ly used to the extent of being almost an ubiquitous material in most archaeological 
sites from early chronologies. Its diffusion is connected to different causes. First of all 
for the easy availability of raw materials, the simple production methodologies that do 
not require specialized manufacture and finally its resistance to degradation and altera-
tion. In this view, pottery can be used as a tracer to define the routes of trade and the 
evolution in the technological aspects of the pottery production. 
In the past, archaeological ceramic material was studied only on the basis of the tradi-
tional method called “observation with the naked eye” considering shape, style, deco-
rations, superficial treatments, etc. Nowadays, a rigorous scientific approach is applied 
to reconstruct the production methodologies and technological background of ancient 
communities (Barone et al., 2012).  
According to Maggetti (1982) (Fig. 1) the ceramic sherds went through their life in 
five steps: (1) the origin, represented by the extraction of the clay material, (2) the 
manufacture of the ceramic object, (3) the use and the breakdown, (4) the burial and 
finally (5) the archaeometric study that permits to reconstruct wholly or in part the life 
cycle of the pottery.  





Figure 1: The five steps of pottery life (from Maggetti, 1982). 
 
Methodologies applied in the study of pottery 
Ceramic material conserves inside information about its history: the starting raw mate-
rial, the way of modeling and production, the use and its burial. The analytical meth-
odologies used in the archaeometric characterization of ancient pottery are usually the 
same adopted by the Earth Sciences (Rice, 1987; Maggetti, 1990; Cuomo di Caprio, 
2007).  
The characterization of such ancient artifacts is a complicated task due to the miner-
alogical and chemical heterogeneity of raw materials and the resulting changes in 
shape, mineralogy, microstructure, driven by heating process it has undergone. A 
combination of both physical analytical and chemical methods has to be applied for 
the complete reconstruction of the factors involved in the pottery history. This multi-
analytical approach can provide information about the nature and provenance of raw 
materials, allows to explore the technological aspects of pottery production and to de-
fine the firing conditions (i.e., temperature and redox state of the firing atmosphere). 
Moreover, post-burial processes involving the ceramic can also be investigated (Cul-
trone et al., 2001; Barone et al., 2002; Sherriff et al., 2002a; Maritan, 2004; Rathossi 
et al., 2004; Iordanis et al., 2009; Tschegg, 2009; Velraj et al., 2009; Belfiore et al., 
2010).  
The mineralogical-petrographic characterization of pottery plays a main role in the 
study of archaeological ceramic. It is aimed at the qualitative and quantitative descrip-
tion of the mineral components of the paste or fabric. In this view, the mineralogical 
components of pottery can be distinguished in: a) primary phases, naturally present in 
the raw material or voluntarily added by potters as tempers, b) firing phases, newly 
formed through complex reactions during the heating process, and c) secondary phas-
es, originated using the vessels or in the burial environments (Heimann and Maggetti 
1981; Maggetti, 1981; Buxeda i Garrigós, 1999; Freestone, 2001; De Benedetto et al., 




2002; Maritan and Mazzoli 2004; Schwedt et al., 2004, 2006; Buxeda i Garrigós et al., 
2005; Secco et al., 2011). 
Numerous methodologies have been extensively applied in the definition of the min-
eralogical composition of ancient pottery: optical microscopy (OM) (Brisbane, 1981; 
Amadori et al., 1995; Barone et al., 2004; Riederer, 2004; Cuomo di Caprio, 2007; 
Quinn and Day, 2007; Quinn et al., 2010), X-ray diffraction (XRD) (Tang et al., 2001; 
Barone, 2002; Iordanis et al., 2009; Andaloro et al, 2011; Kramar, 2012;), time-of-
flight neutron diffraction analysis (Botti et al., 2006; Siouris and Walter, 2006; Ba-
rilaro et al., 2007; Bersani et al., 2010; Barone et al., 2011a), Mössbauer spectroscopy 
to define the oxidation state of iron (Sherriff et al., 2002b; Stievano et al., 2003, 2004; 
Ricciardi et al., 2008); X-ray absorbance spectroscopy (XAS) to identify the oxidation 
states and local environments of iron and copper oxides (Bardelli et al., 2011, 2012) 
and scanning electron microscopy (SEM) (Tite and Maniatis, 1975; Froh, 2004; 
Rathossi et al., 2004). Moreover, SEM equipped by energy dispersive system (SEM-
EDS) can be used  in provenance studies by the observation of fine-scale microstruc-
tures connected to the original clay and by the identification of single minerals in the 
matrix (see for example, Gliozzo and Turbanti Memmi, 2001). 
Spectroscopic analysis, such as μ-Raman spectroscopy and Fourier transform infrared 
(FTIR) spectroscopy, has also been applied in pottery characterization (Edwards et al., 
1999; Barone et al., 2002; De Benedetto et al., 2002; Lofrumento et al., 2004; Barilaro 
et al., 2005, 2008; Striova et al., 2006; Akyuz et al., 2008; Mangone et al., 2009). In 
particular, μ-Raman spectroscopy is considered an efficient solution in the investiga-
tions of the pigments used in the decorations and superficial treatments (Sabbatini et 
al., 2000; Middleton et al., 2005; Ospitali et al., 2005; Sendova et al., 2005; Ferrer et 
al., 2012).   
The presence of particular mineral assemblages could be a marker to identify the pos-
sible origin of raw material; moreover, the presence or absence of high temperature 
mineral phases allows to establish the range of firing temperature. This kind of ap-
proach is supported by the results of experimental studies on the transformations of 
different raw materials during firing at different atmosphere redox conditions, temper-
ature ranges and residence time (Duminuco et al., 1996, 1998; Fabbri et al., 1997; 
Riccardi et al., 1999; Trindade et al., 2009; Tschegg et al., 2009). In the definition of 
the maximum firing temperature, the potentiality of small angle neutron scattering 
(SANS), linking the mesoscopic structure of ceramic samples, i.e. the mean size and 
the surface characteristics of grains, to the development of heating process, was 
proved (Botti et al., 2006; Barone et al., 2011c;). 
Studies on provenance of ceramic objects and sources supplying raw materials are 
fundamental for the distribution of ancient pottery. To address these purposes, the 




mineralogical and chemical composition of the unknown object has been compared 
with those of known pottery or raw materials. In particular, two main methodologies 
were applied: optical microscopy and chemical analysis (Turbanti Memmi, 2004). 
Optical microscopy in thin section is applied for the mineralogical-petrographic analy-
sis that is aimed at defining the nature of the original clay (Maggetti, 1982). The tem-
pers detected should reflect the geology of the place of the production and, conse-
quently, the comparison of the mineralogical-petrographic composition of the tempers 
with the geological setting of the area of discovery of the ancient ceramics makes pos-
sible to define their local or imported origin. Although, a local production of the ce-
ramic using imported tempers could be supposed, ethnological data supporting this 
hypothesis are not yet reported in the literature (Maggetti, 1982). 
Chemical analysis provides compositional fingerprints of pottery identifying specific 
elements whose occurrence in the ceramic can be related to the mineralogical-
petrographic characteristics of the rocks outcropping in the area of production. In this 
view, the application of chemical methodologies provides data that can be useful for 
the differentiation between local or imported potteries. The main chemical analysis 
methodologies adopted includes inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) (Bruno et al., 2000; Tiequan et al., 2010), inductively coupled 
plasma mass spectrometry (ICP-MS) (Mallory-Greenough et al., 1998; Aldrabee and 
Wriekat, 2011; Vaughn et al., 2011), inductively coupled plasma optical emission 
spectrometry (ICP-OES) (Barone et al., 2004; Kramar et al., 2012), X-ray fluores-
cence (XRF) (Barone, 2002, 2011b, 2012; Maritan, 2004; Aquilia et al., 2013), in-
strumental neutron activation analysis (INAA) (Vaughn et al., 2006; Nyarko et al., 
2007; Li et al., 2013), particle induced X-ray emission (PIXE) (Ruvalcaba-Sil et al., 
1999; Agha-Aligol et al., 2009; Wu et al., 2013), atomic absorption spectroscopy 
(AAS) (Mangone et al., 2008), transmission electron microscopy (TEM) (Viti et al., 
2003; Botti et al., 2006) and electron microprobe analysis (EMPA) (Ionescu et al., 
2011).  
Clay minerals can be characterized by a series of analytical methods basing on the 
thermal behavior that is different and characteristic for each clay mineral under heat-
ing process. However, these methods, which include, for example, differential thermal 
analysis (DTA) and  thermo-gravimetric analysis (TGA), are considered difficult to 
apply to complex mixtures such as natural clays and pottery, but can be used in the 
characterization of low-fired potteries (Moropoulou et al., 1995; Bertolino and Fabra, 
2003; Mohsen and El-maghraby, 2010; Fiori et al., 2011; Barone et al., 2012). 
This overview further highlights that the study of pottery is a complicated task due to 
its complex composition that requires the application of a multi-analytical approach. 
Indeed, to obtain a whole characterization and to answer to the numerous open ques-




tions regarding archaeological ceramic a numerous methodologies have been applied. 
In this view, the present study stands as an example of multi-analytical investigation 
using both destructive and non-destructive analytical methods. Macroscopic observa-
tions, micro-Raman and Infrared spectroscopies, OM in thin-section, SEM-EDAX, 
XRD and chemical analysis have been carried out to identify the mineralogical and 
chemical composition and to reconstruct the ancient technology and provenance of ar-
chaeological pottery.  
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1.KHIRBET AL-BATRAWY:  
GEOGRAPHICAL, GEOLOGICAL AND  
ARCHAEOLOGICAL SETTING  
 
1.1 Geographical setting 
The archaeological site of Khirbet al-Batrawy is located in the periphery of the mod-
ern city of Zarqa in the north-central sector of Jordan (Figs. 1a and 1b).  
 
Figure 1: a) Geographical location of Khirbet al-
Batrawy in Jordan (from Google Earth; changed). b) Image of the modern city of Zarqa with the white 
circle indicating the cliff of Khirbet al-Batrawy (from Nigro, 2010).  
 
The site occupies the top of a limestone cliff, from where it dominates a large part of 
the Upper Wadi az-Zarqa (32° 5' N latitude and 36° 4 E longitude) at about 660 m 
above mean sea level; in particular it raises from the surrounding landscape about 100 
m in the north-eastern part and more than 150 m in the south-western part (Fig. 2). 
The cliff is surrounded to the south and the east by the houses of the northern periph-
ery of Zarqa, while to the west, a steep cliff overlooked the river. A huge stone quarry, 
which had removed the front hill and part of the slopes of Batrawy itself, was located 
to the north, the only side from which the site could be quite easily approached. The 
city plateau is characterized by steep irregular slope broken into steps-like features, in 
most of its directions and sides. The intersecting of the nearly horizontal bedding 
planes of the limestone formation with the perpendicular vertical joint system at slopes 
surface resulted in rough slopes interrupted with vertical cuts that break the slope into 
several ridges forming steps-like landscape surface. These geomorphological ele-
ments, which have not only stabilized the plateau slopes but also made the plateau 
slope, served as an ascending natural defense in climbing into the site (Khrisat, 2006).  
100 Km 100 Km 





Figure 2: Photograph of Khirbet al-Batrawy on the top of a limestone cliff (courtesy of Rome “La Sapi-
enza” Expedition to Palestine & Jordan).  
a) b) 
1.2 Historical and Archaeological setting 
1.2.1 Khirbet al-Batrawy: The Discovery 
In the last decades of the XX
th
 century a great number of territorial and settlement 
studies in Near East were developed.  
In the 1960s numerous surveys were carried out with the aim to locate ancient settle-
ments or basins suitable for the development of human communities in this region. 
These first researches revealed to the archaeological community the potentiality of the 
Jordan region and gave the start to a series of regional surveys with a multidisciplinary 
approach typical of New Archaeology in 1980s and 1990s. 
At the end of the 1980s Sapienza-University of Rome also took part in the explora-
tions in Jordanian region. Prof. Gaetano Palumbo, director of the expedition, in coop-
eration with the American Center of Oriental Research in Amman produced the Jordan 
Antiques Database and Information System (JADIS), a detailed catalogue of the ar-
chaeological heritage in Jordan. 
The involvement of Sapienza-University in the archaeological exploration of Jordan 
stopped in the late 1990s to restart in 2004 when prof. Lorenzo Nigro, in cooperation 
with two PhD students (Andrea Porcaro and Maura Sala), decided to return in Jordan 
to study the origins of the Middle East cities and the evolution of the socio-economic 
aspects of human society in this region during Bronze Age. 
Most suitable basins for human occupation in Bronze Age were identified on the basis 
of the results of a detailed analysis of satellite maps of Jordan. The exploration of the 
region, carried out in cooperation with prof. Zeidan Kafafi (University of Yarmouk, 




Irbid), led to the discovery of Khirbet al-Batrawy, a previously unknown archaeologi-












Figure 3: Topographical plan of Khirbet al-Batrawy, with the indications of excavated areas (courtesy of 
Rome “La Sapienza” Expedition to Palestine & Jordan). 
1.2.2 The Excavations 
The aim of the Archaeological Expedition to Palestine & Jordan of Sapienza-
University is the study of the birth of the cities in Southern Levant during the Bronze 
Age with the purpose to investigate the development of “Syro-Palestinian culture” 
(Nigro, 2010, 2011). 
The archaeological excavations started in 2005 and are going on till today.  
On the basis of the results of the archeological excavations carried out so far, the 
Khirbet al-Batrawy site was subdivided in six areas (Fig. 3). 
• Area A (A-east and A-west): where the acropolis was built and the remains of the 
small Early Bronze Age IVB (2200-2000 B.C.) village were set; 
• Area B: in the northern spur of the cliff where the main Early Bronze II-III city-wall, 
the city-gate, a round bastion and a further projecting wall were discovered; in the 
south part a Bronze Age III public building, the so called “Palace of copper axes”, and 
remains of rural village Bronze Age IVB were brought to light;  
• Area C: including the north-western Tower in the north-western spur;  
• Area D: in the south-western spur where a big tower was located to control the Wadi 
az-Zarqa; 
• Area E: inside the southern fortification line a secondary entrance was discovered, 
with a stairway connected to the city;  
• Area F: at the center of the easternmost terrace of the site, where the Bronze Age II-
III temple of the city was located (Nigro, 2006, 2008, 2012).  
 
1.2.3 The Archaeological remains 
The archaeological excavations of Khirbet al-Batrawy site uncovered a very complex 
inventory of remains. 
In addition to pottery sherds, animal bones, Cananean blades, a flint blades and débit-
ages, limestone pestle, potter wheel and flint blades have also been found. In the so 
called “Palace of copper axes” have been unearthed a series of bone tools, including a 
knife. The most important finds were four copper axes, probably with a symbolic val-
ue, discovered in a small hole (Nigro, 2006, 2008, 2012).  
 
1.2.4 The History of Khirbet al-Batrawy 
The history of Batrawy spans over a period of about a millennium and crosses the four 
major historical periods of the Early Bronze Age Levant that are summarized in Table 
1. 
Khirbet al-Batrawy arose as a major Early Bronze Age centre controlling the area of 
the Upper Wadi az-Zarqa, which offered a series of geo-ecological niches extremely 




favorable to human occupation and stable agriculture since the beginning of the Early 
Bronze Age. 
Archaeological excavations 
and stratigraphic records 
allowed defining the history 
of Batrawy, from the IV 
millennium B.C. to the de-
velopment of a fortified 
city. 
The first processes of sed-
entarization started in the 
last centuries of IV millen-
nium B.C. when a group of 
semi-nomadic herders and 
farmers settled along the 
Zarqa River and began to 
practice agricultural activities. 
At the beginning of the III millennium B.C., the rural communities in the Upper Wadi 
az-Zarqa decided to move from the river banks and to concentrate agricultural prod-
ucts, exchanged goods (also linked to the intensifying copper trade), labor, power and 
religious places in a protected site leading to the foundation of the fortified city of Ba-
trawy, around 3000 B.C.  
Stratigraphic data and structural changes allowed dividing the Batrawy history in four 
periods from 3000 B.C. to 2000 B.C., when this site was completely abandoned. Dur-
ing the first phase, called Early Bronze II (EB II), dating back between 3000 and 2700 
B.C., the city-wall was built all around the hill and the monumental temple and other 
buildings have been erected on the Acropolis. In 2700 B.C. a violent earthquake 
stopped the growth of the city causing the destruction of the city-wall, the city-gate 
and the façade of the temple. During the other two phases, called Early Bronze IIIA 
(EB IIIA) (2700- 2500 B.C.) and Early Bronze IIIB (EB IIIB) (2500-2300 B.C.), the 
city of Batrawy was reconstructed and grew up in a more monumental way. In EB 
IIIA the city-wall was erected again and the temple was rebuilt. Trade activities devel-
oped extensively, giving a diffuse wealth in Batrawy until the enemy raids around 
2500 B.C. that set on fire the city.  
During EB IIIB Batrawy was rebuilt with a strong defensive system including towers 
and bastions. In this period a big palatine complex (Fig. 4), center of administrative 
and productive function and collection of  luxury goods, was erected. The final de-
Figure 4: Detail of  the destruction layer inside the “Palace of the 
copper axes” EBIII (courtesy of Rome “La Sapienza” Expedition to 
Palestine & Jordan). 




struction of the city took place at the end of XXIVth century B.C., when the whole 
city was set on fire. From this destruction Batrawy did not recover.  
The hill was abandoned between 2300 and 2200 B.C. (Bronze Age IV A) and used as 
a burial area. It was resettled around 2200 B.C. (Bronze Age IV B) by a rural village, 
but it had a short life and around 2000 B.C. the site was completely abandoned and 
forgotten (Nigro, 2006, 2008, 2010, 2012). 
 
Table 1: Summary of the main development phases of Khirbet al-Batrawy (courtesy of Rome “La Sapi-
enza” Expedition to Palestine & Jordan). 
 
EARLY BRONZE AGE II 
 
The building of the town 
wall. This period ends when 
the town was destroyed by a 
violent earthquake.  
 
 
EARLY BRONZE AGE IIIA 
 
Batrawy grew up and was 
provided with a massive for-
tification system preserved 










EARLY BRONZE AGE IIIB 
 
During this phase a luxurious 
palace was rebuild and at the 
end of the Early Bronze IIIB 
the city was completely de-










EARLY BRONZE AGE IV 
 
A new rural village arose on 
the hill over the raised ruins 
of the previous city. 
 
 
1.3 Geological setting 
1.3.1 Jordan geology 
Stratigraphic studies describe Jordan as a region characterized by a succession of 
sandstones and limestones lying on a Pre-Cambrian basement as summarized in Table 
2 (Burdon, 1959).  
The Pre-Cambrian basement consists of metamorphic rocks of the Aqaba Granite 
Complex, and molasses-type conglomerates of the Saramuj Series.  
The Aqaba Granite Complex extends from Saudi Arabia. The rocks of the complex 
may be described as a succession passing from the oldest metamorphic rocks to gray 
granite (granodiorites), red granites, basic intrusive rocks to the youngest acid intru-
sive rocks. In particular, the rocks of this succession include:  




- Garnetiferous biotite-schists and quarzites, some with biotite; gneiss and mica-
schists are also present. 
- Gray granites with abundant biotite; the orthoclase and oligoclase occur in equal 
amounts and are altered in sericite and chlorite; 
- Red granites containing microcline and perthite and lesser amounts of oligoclase; 
biotite is present in small amounts; 
- Dolerites with granular augite and some large crystals of labradorite in a holocrys-
talline base of feldspar with magnetite and some calcite; 
- Acid intrusive rocks with phenocrystals of orthoclase, plagioclase and horneblende 
in a microcrystalline base. 
The Saramuj Series in Wadi Saramuj extends near the south-east corner of the Dead 
Sea. The rocks of this series include the older succession of Saramuj Conglomerates 
and the younger intrusive rocks. 
- Saramuj conglomerates consist of well-rounded igneous pebbles and boulders set 
in strongly consolidated arkosic cement; these beds are separated by well-defined 
bands of cemented sandstone. The pebbles and boulders derived from the rocks of 
the Aqaba Granite Complex; the cement and sandstone consist of feldspar and 
quartz derived from Aqaba Granite Complex; 
- Intrusive rocks are augite-nepheline-syenites, diabase-porphyrites and appinites. 
In Eastern Jordan the Cambrian consists of the terrestrial sandstones of the Quweira 
Series, dated by intercalated fossiliferous Middle Cambrian limestone. Outcrops of 
this series occur in the south-east of the Dead Sea and extend to the south along the 
rift and eastwards around Aqaba granites. The series consists of a lower and upper 
sandstone of terrestrial origin and Nubian facies, locally separated by fossiliferous ma-
rine beds. The Quweira Series includes the oldest Lower Quweira sandstone, the Burj 
limestone group (dated low Middle Cambrian), the Upper Quweira sandstone and the 
youngest intrusive rocks. 
- Lower Quweira sandstone outcrops are capped by a series of grits, conglomerates, 
quartzites and current-bedded sandstone of a predominately dark red colour, which 
rest on the tilted planed erosion surface. 
- Burj Limestone Group consists in a limestone rich in fossils. King (1923) described 
fossils as Siphonotreta sp., Michometra alata, Hyolithus and Anomocare cambelli; 
Picard (1942) re-examined the fossils and reported other species as for example the 
Protolenus orientalis.  
- Upper Quweira Sandstone includes sandstones all of Nubian Facies.  
- Intrusive rocks group composed by a diorite dyke that cuts the Qweira sandstone. 
Ram sandstone (Palaeozoic) is an entirely terrestrial and non fossiliferous deposit of 
Nubian facies. It consists in a coarse but even-grained loosely cemented yellowish 




sandstone, outcropping extensively in the south of Jordan, where it is clearly distin-
guished from the Quweira Sandstones and Um Sahm Sandstone.  
The Um Sahm Sandstone, and marine beds of Middle Triassic and Middle Jurassic age 
(Zarqa Group), are also terrestrial in the south, but contain marine beds in the Dead 
Sea and in the Wadi Zarqa.  
Outcrops consist in sandstone well-bedded, pink, red or mauve in color. Proceeding to 
the north, shales and marls appear, interbedded with the terrestrial estuarine sand-
stones. On passing further to the north, terrestrial sandstone of Nubian facies become 
less important and marine and estuarine fossiliferous beds become more common. 
The Triassic formation of the Zarqa group shows a series of red sandstones, shales and 
marls, below which gypsum beds and grey marly limestones are seen with underlying 
clay beds (Blake and Ionides, 1939). 
Jurassic rocks are represented by the Kurnub Sandstone which covers the time-interval 
from the Upper Jurassic to the Lower Cretaceous; these desert sandstones are com-
posed mainly of Nubian sandstones poorly consolidated with an extensive outcrop 
north from Mudawwara and along the Rift. In the south-east of Quweira this formation 
consists of a lower part which lies on the Um Sahm Sandstone composed by shales, 
hard, spotted, glauconitic sandstones and some quartzites; the upper part is composed 
by consolidated sandstones, pink, mauve, red and white in color. Northwards the 
shales are absent and only the multicolored sandstones occur.  
During the Turonian the sea spreads and marine beds, mainly limestones and dolo-
mites with marl (rarely shales, sandstone and chalks), were deposited. All these beds 
have been grouped into the Ajlun Series (Naur, Fuheis, Hummar, Shuayb, and Wadi 
As Sir formations) with a large outcrop in the north near Amman. In the south, their 
outcrops tend to be confined to the escarpment of the Jordan Valley. Ajlun series can 
be subdivided into Cenomanian and Turonian:  
-  Cenomanian overlies the Kurnub Sandstone and is overlain by the Turonian. In the 
northern part the outcrops consist of bedded limestones separated by marls; it is 
highly fossiliferous. 
- Turonian is essentially represented by mud shales and sandstones.  
At the beginning of the Senonian, limestones and dolomites were replaced by chalks, 
flint and marls, sometimes bituminous. The marine sedimentation continued into the 
Eocene, but these limestones are very different from the general chalk-flint-marl se-
quence. These marine rocks of Eastern Jordan have been grouped into the Belqa Se-
ries, comprising all sediments deposited in Eastern Jordan from the end of Turonian to 
the final emergence in the Oligocene.  




The dominant lithotypes are chalks and marls with varying amounts of flint-chert; bi-
tuminous cement occurs as well as phosphatic rocks. Sedimentation continued for 
longer in the north than in the south. 
- Coniacian-Santonian: Bituminous marl with rare black flints and some large cal-
careous concretions. 
- Campanian and Lower Maestrichtian: In some places the formation is thick and 
composed of hard chalk with thin chert beds; in other places, the formation is thin-
ner and includes bedded limestone and thick chert.  
-  Maestrichtian: Overlying the chert series, beds of pink chalk occur and sometimes 
are associated with limestone. Above these, phosphate beds (dated as Maestrichtian 
by the fossiliferous content) usually associated with gypsum occur. 
- Danian: The chalk which overlies the phosphate beds is dated as Danian (but no 
fossils confirms that hypothesis). Green and red marbles are also included. 
- Cretaceous-Eocene Transition: The thick series of soft chalk with flints and the 
succeeding soft grey marls are assigned to this transition phase. 
- Eocene: In the north of Eastern Jordan it is represented by flinty limestone, while 
in the southern part there are many outcrops of nummolitic limestones.   
In Eastern Jordan during Upper Oligocene and the Lower Miocene erosion produced 
peneplain. The plateau basalts were erupted from the Middle Miocene to Historical.  
All the sedimentary deposits formed in lakes or land since erosion commenced after 
the rejuvenation of the Oligocene peneplain by the Middle Miocene uplift and tecton-
ics are attributed to the Neogene Undiffirentiated. The beds consist mainly of coarse 
lacustrine-deltaic sediments, derived by erosion. In the north, fresh-water melanopsis 
limestones overlie cemented conglomerates and outcrops are confined to terraces at 
varying hights on the sides of the rift. In the south, outcrops are extensive. 
The Lisan Series consists of thin-bedded almost varved, clay and gypsum marls with 
coarser lateral facies. They were formed throughout most of the Pleistocene in a saline 
lake, expanding in size. The gypsum layer represents chemical precipitation in the dry 
season, while the clays and silts represent mechanical sedimentation during the wet 
season.  
Recent sediments are all terrestrial and have been formed or deposited by water and 
wind, more are residual after the action of other agents of erosion. In the north and 
centre of Eastern Jordan they consist of sands and gravels of the Jordan Valley and 
muds and sands in areas of closed drainage and in wadi-bottoms. No igneous activity 
is known in Eastern Jordan until the eruption of the plateau basalts in the Middle Mio-
cene. These basaltic eruptions have continued down to Historical times and are clearly 








The Plateau Basalts consist of labradorite, olivine, augite, magnetite-ilmenite, with 
glass and apatite as well as horneblende. Secondary minerals are iddingsite after oli-
vine and calcite (Burdon, 1959). 
 
1.3.2 Geology and structure of the Amman-Zarqa Basin and Zarqa River 
In this area rocks with age ranging from Triassic to Recent outcrop, being Cretaceous 
sedimentary lithotypes those more common. On the basis of the geological setting, the 
outcrops can be divided in: basalts in the north-east, limestones in the centre/centre-
north, limestones and marls in the west/north-west with Kurnub sandstone and two 
different outcrops in the south of marls and sandstones. 
The geological formations in the Amman Zarqa Basin are summarized in Table 3 and 
represented graphically in Fig. 5. 
The Lower Cretaceous Kurnub Group is usually found at depth, except in outcrops at 
the western part of the basin and is mainly composed of sandstone with iron and man-
ganese oxides. 
In the north-western part of the basin, formations of Cenomanian age such as Hum-
mar, Fuheis and Na’ur are exposed; outcrops of Kurnub Group (Early Cretaceous), 
Azab Group (Jurassic) and Ramtha Group (Triassic) have been also observed. Hum-
mar Formation is composed of limestone and dolomitic limestone, Fuheis Formation 
of marl and limestone and the Na’ur Formation of limestone, dolomite, marl and lime-
stone. 
The Amman Formation of Upper Cretaceous age is composed of limestone, chert, 
chalky and phosporite. The Wadi Umm Ghundran Formation of Coniacian age is con-
centrated in the area between the modern cities of Amman and Zarqa. It is composed 
by chalky-marl and marl. The Shuayb Formation of Turonian age (Aijlun Group) con-
sists of different type of limestones, phosphorite marl and chert. The phosphorite hori-
zon is friable or slightly cemented with calcite. It consist of sand-size phosphate parti-
cles, pellets, intraclasts, bones and coprolite (Abdel et al. 1996, 2008). The materials 
associated with phosphate particles are mainly marl and clay. 
Limestone in the centre/centre-north is represented by different formations. The Wadi 
As Sir Formation of Cretaceous age, diffusely exposed in the north-eastern area which 
consists mainly of hard crystalline dolomitic limestone, chalky limestone with occa-
sional chert bands and nodules. The thickness of this formation reaches up to 80-100 
m and forms a part of the upper aquifer in the Amman–Zarqa Basin (Bender, 1974). 
Vesicular basalt of Holocene age is exposed in the eastern part of the studied area.  
The basin is characterized by the presence of the Zarqa river which is connected to the 
formation of Jordan Rift Valley. The exposed formations in the area are marine sedi-




ments; along the Zarqa river crystalline limestone alternating with shale, gypsum lay-
er, argillaceous marly lime, shales and iron-rich stone and sandstone. 
 




Figura 5: Schematic geological map of Jordan (modified from Shaqour et al., 2008 Fig. 1). 




1.3.3 Geology of Khirbet al-Batrawy archeological site 
The main physiographical units of the limestone plateau where the archaeological site 
of Khirbet al-Batrawy is located include: the moderate and high rocky and desert hills, 
adjacent to the Wadi az-Zarqa, and the up-throw of the geologic Amman-Hallabat 
Fault Zone. 
The formation exposed in the north eastern part of the plateau consists of limestone, 
ranging from few centimeters to massive clay layers, in the middle and lower part of 
the formation, interbedded with chert veins and fossiliferous beds (Margane et al., 
2002). Even if the limestone belongs to different formations (the Hummar, Shua’yb 
and Wadi As Sir formations) the limestone forms a unique geomorphological unit with 
steep slopes of grey-weathering colors batches intercalated with marl. The marlstone, 
typical of the Khirbet al-Batrawy area, outcropping in the slopes of the wadi beds, is 
usually intercalated within the limestone and appears as a hardened rock composed by 
clay, mud, sand and abundant calcareous material (shells) and outcrops along the 
slopes and in the wadi beds. 
The natural clays which are found in the vicinity of the site show some amount of 
chert micro flakes and broken fossils, which are the product of the local limestone 
weathering (Fig. 6; Khrisat, 2006). 
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2. MATERIALS AND  
ANALYTICAL METHODS  
 
2.1 Archaeological Samples 
Archaeological excavations in Khirbet al-Batrawy unearthed a very diversified inven-
tory of pottery productions (Fig. 1): 
 Simple and Simple Painted Ware (SW-SPW), mainly represented by bowls, 
jugs and small and medium size jars;  
 Storage Ware (StW), including jars, hole-mouth jars and pithoi;  
 Kitchen Ware (KW), represented by hole-mouth cooking pots;  
 Metallic Ware (MW), that takes the name from the distinctive metallic sound 
when it is struck and that includes almost exclusively jars.  
Two other productions are distinguished on the basis of the related superficial treat-
ments:  
 Red Burnished Ware (RBW), including platters, bowls and small and medium 
size jars; 
 Red Polished Ware (RPW), represented almost exclusively by jugs.  
 
Figure 1: Early Bronze IV B pottery vessels (courtesy of Rome “La Sapienza” Expedition to Palestine & 
Jordan).  
 
Small and medium size jars of SW represent the highest percentage of the assemblage 
and exhibit ovoid body, flaring neck, everted rim and often a couple of ledge handles. 
Open shapes of the same group include mainly bowls with curved or straight walls 
and plain or inturned rim. Most of the pottery appears still coil-built, but open vessels 
are frequently refined on the slow wheel, and necks and rims of jugs and jars are al-
ways manufactured on the wheel, testifying to the technological achievements of the 




pottery production. The use of slip to refine the inner or outer surface of vessels was 
common, especially in the EB IIIA and EB IIIB phases, along with burnishing and 
polishing. 
A large group of samples is represented by the StW and includes both medium size 
jars and hole-mouth jars for temporary storage and transportation. Also big storage 
jars and pithoi, with coil-built body, and neck and rim manufactured on the slow 
wheel are present. Medium size jars show flaring neck and everted rim, whereas hole-
mouth jars exhibit rounded, flattened or recessed rims and pithoi present squared, out-
er folded or everted rim of triangular section. The use of outer surface treatments such 
as washing, smoothing or combing is evident in the samples. 
Hole-mouth pots, coil-built and characterized by rounded, recessed or inner ridged 
rims, mainly compose the KW inventory. No evidence of external treatments has been 
found. Finally, the shapes of MW include almost exclusively medium-large size jars 
with vertical handles, simple everted rim and flat base, usually showing a combed 
decoration (Nigro, 2006, 2008, 2012). 
The investigated samples, dated between 3000 and 2000 B.C., were divided in differ-
ent groups on the basis of visual aspect, morphological and stylistic features; in addi-
tion their location and stratigraphic data have 
been considered. 
In Appendix A pottery sherds are listed divid-
ed in the four periods with the indication of 
pottery type, class and the place of findings. 
 
2.1.1 EB II Samples (3000-2700 B.C.) 
The EB II layer is still under excavations and 
therefore it was possible to study only eight 
pottery samples (Appendix A, Fig. 2). The 
limited number of samples is due to the antiq-
uity of EB II phase and to the fact that it has 
been under investigations only in a small area 
of the archaeological site. Pottery sherds con-
sist of jar fragments (SW, StW, RPW), platter 
fragments (RBW) and bowl fragments 
(RBW). The use of slip (usually red in color) 
to refine the inner surface of open vessels was 
employed in this phase and associated to a 
horizontal burnishing. These samples were 
found in the areas B (near the main Early 
Figure 2: Representative pottery fragments 
belonging to Early Bronze Age II 
(KB.06.E.702/10 top, KB.06.E.703/6 bot-
tom). 




Bronze II-III city-wall and the city gate) and E (southern fortification line with the 
secondary entrance) during the survey in 2006. 
   
2.1.2 EB IIIA Samples (2700-2500 B.C.) 
Thirty-six pottery samples of the EB IIIA phase have been investigated (Appendix A, 
Fig. 3). The potsherds consist of medium and small size jar fragments (StW, SW, 
RPW), bowl fragments 
(SW), pithos fragments 
(StW) and platter frag-
ments (RBW, RPW). In-
ner and outer slip is pre-
sent on the surface of the 
vessels, as well as pol-
ishing, burnishing and 
smoothing. Among 
them, six samples exhibit 
a surface decoration con-
sisting of simple red 
strips. A sub-group of nine pottery sherds, showing a highly polished coating, has 
been distinguished by the archaeologists and referred to as Khirbet Kerak Ware 
(hence KKW), an EB IIIA specialized pottery production characteristic of southern 
Levant. It is distinguished by a major standardization of shapes, fabrics and functions 
of pottery productions; it appeared in the EB IIIA and it does not seem to be attested 
afterwards. The KKW fragments consist of bowls and fragmentary medium and small 
size jars. 
Samples have been found in the areas A (Acropolis), B (near the city wall and public 
building) and E (southern fortification line) during the seasons from 2005 to 2009. 
      
2.1.3 EB IIIB Samples (2500-2300 B.C.) 
The phase EB IIIB is 
represented by thirty-
four samples (Appendix 
A, Fig. 4), fragments of 
medium and small size 
jars (SW, StW, RBW, 
MW), hole-mouth jars 
(SW, StW), hole-mouth 
pots (KW) and pithoi 
Figure 3: Representative pottery fragments belonging to Early Bronze 
Age IIIA (KB.05.B.136/5 left, KB.05.B.146/3 right). 
Figure 4: Photographs of representative pottery fragments belonging to 
Early Bronze Age IIIB (KB.05.A.204/2 left, KB.05.A.224/2 right). 
 




(StW). Outer applied rope decorations appear in these vessels. Samples have been 
found in the areas A (Acropolis) and B (Palace) during the seasons 2005, 2010 and 
2011. 
 
2.1.4 EB IV Samples (2300-2000 B.C.) 
The sherds analyzed for the EB IV phase include twenty-three samples (Appendix A, 
Fig. 5), mainly jars (SW, StW, KW, MW), hole-mouth jars (StW) and hole-mouth 
pots (KW) characterized by outer band combed or incised decoration, while polishing 
and burnishing are not attested to in this phase. Samples have been found in the areas 
A (rural village) and B (the remains of the palace) during the seasons 2005-2006. 
     
Figure 5: Photographs of representative pottery fragments belonging to Early Bronze Age IV 
(KB.05.5/D200 left, KB.05.A.6b/1 right). 
 
2.2 Geological Samples 
Generally, it is assumed that the sources of clay used in pottery production were close 
to the production center and the distance most frequently traveled for both clays and 
tempers was less than 1 km from the settlement (e.g., Rice, 1987). In the evaluation of 
supply areas different factors that can influence the distance have to be considered 
(Rice, 1987). Arnold (1980) revealed that in the past, the 85% of the cases presented 
the supply areas at a distance lower than 7 km from the production site, suggesting 
this range as the resource area for procuring their primary clay. Concerning tempers, 
the analysis of Arnold (1980, 1981) suggests possible areas of supply in a range of 
several tens of kilometers from the production center.  
Unfortunately, political and social issues did not allow the systematic sampling of raw 
materials in the area for this study and during the season 2012 only two sample of 
marl outcropping nearby the archaeological site have been collected. Moreover, a 
sample of brick used in the Batrawy fortification has also been sampled to be com-




pared to the ceramic materials used and to define if its raw material could be the same 
used in the pottery production. 
 
2.3 Analytical methods 
2.3.1 Micro-Raman spectroscopy  
About thirty micro-Raman spectra have been collected for each sample in selected 
spots on the external and internal surface of the sherds as well as in the cross cuts to 
underline the different composition of the pottery. In particular, in this step Raman 
spectra have been also collected on thin section that allows the analysis in the cross 
section. However, the high fluorescence of the ceramic matrix prevented to obtain in-
terpretable Raman spectra; therefore, Raman study was necessarily focused on miner-
als contained as inclusions in the matrix.  
Micro-Raman spectra were collected at room temperature in nearly backscattered ge-
ometry using a Jobin-Yvon Horiba Labram apparatus at the Department of Physics 
and Earth Sciences of the University of Parma (focal distance of 30 cm, 1800 
groove/mm grating, 100 µm slit width, ~1.5 cm
-1
 spectral resolution). Radiation at 
632.8 nm line of a He-Ne laser was used as excitation and the laser power was set 
lower than 1 mW on the sample by means of neutral density filter to avoid undesired 
heating effects. An Olympus microscope with 10x (0.25), 50x (0.75), ULWD 50x 
(0.55) and 100x  (0.90) objectives (with their numerical aperture) and motorized x-y 
stage was used to focus on the samples with maximum spatial resolution of ~2 µm. 
The system was calibrated using the silicon Raman line at 520.6 cm
-1
 before each ex-
perimental session. Collection times were between 30 and 100 s, with 1-3 accumula-
tions. Spectra were baseline corrected and filtered as needed with LabSpec® software 
in order to remove background fluorescence and noise and were analyzed using exist-
ing databases as Burgio and Clark (2001), Bouchard and Smith (2003) and the Parma 
University database (http://www.fis.unipr.it/phevix/ramandb.php, accessed July 15, 
2012). 
 
2.3.2 Fourier Transform Infrared Spectroscopy (FTIR)  
After the removal of the most external layer of ceramic, in order to avoid the direct 
sampling of possible extraneous substances, a small quantity (a few milligrams) of 
each potsherd has been finely ground by hand in an agate mortar and prepared for in-
frared analysis using the KBr pellet method. The mixture was pressed to form a pellet 
of 0.8 cm in diameter and 1 mm in thickness.  
FT-IR analysis was performed using a JASCO FT-IR 6100 Spectrometer at the De-
partment of Physics and Earth Sciences of the University of Parma. The spectra were 
obtained covering the 4000-400 cm
-1
 range and recorded with a spectral resolution of 






 and signal/noise ratio 42000:1. About 200 scans were added before Fourier 
transform. Origin
®
 software has been used to smooth the data and correct the baseline, 
and analyzed by Spectra Manager Software
TM
, by comparison to De Benedetto et al. 
(2002) and by an on line database (rruff.info/).  
 
2.3.3 Optical Microscopy (OM) 
Thin sections of the different pottery samples have been made for their analysis in po-
larizing optical microscopy (ZEISS D-7082 Oberkochen) at the Department of Earth 
Sciences of Sapienza-University of Rome, following the Whitbread criteria (Whit-
bread, 1986, 1995).  
The most diffuse method to analyze pottery in archaeometric investigations is petro-
graphic analysis. Petrographic techniques are borrowed from geology which used 
them to describe and classify rocks (Rice, 1987). This method can be applied consid-
ering ceramic materials as sedimentary rocks where the fabric consists mainly of clas-
tic grains in a clay matrix, partially altered during firing (Williams, 1983). 
The idea of fabric is defined by the classification method introduced by Whitbread 
and it is usually adopted to perform petrographic studies of ancient pottery. This 
comes from the description of soils and it is related to the “arrangements, size, shape, 
frequency and composition of components of the ceramic material” (Whitbread, 1986, 
1995). This method is based on the description of the three main components of ce-
ramics: clay matrix, inclusions and voids. 
The matrix is the most abundant component of ceramics. As first step, sherds are di-
vided on the basis of the presence or absence of fine micritic calcite (calcareous and 
non-calcareous matrix). After that, it is useful to observe the homo/heterogeneity of 
the matrix due to differences in color and textural inhomogeneity such as swirls, 
streaks and other textural features (TFs). The color of the matrix and its color varia-
tions have been described according to Munsell soil color chart classification (Mun-
sell, 1975) that allows to hypothesize the composition and atmosphere of firing. The 
observation of the optical state of clay minerals in cross-polarized light illumination 
also allows inferring the range of firing temperature (Reedy, 2008). The analysis is 
based on the evaluation of the change (activity) or invariability (inactivity) of matrix 
color during the rotation of the stage. The change of matrix color, visible by a collec-
tive change in the intensity of the matrix, can be related to a pottery fired at low tem-
perature. Indeed, when ceramics are fired, the vitrification of the clay matrix causes a 
reduction in the “optical activity” of the matrix producing a matrix unchangeable in 
color during the rotation of the stage.  
Identifying temper is crucial to ceramic petrography. Indeed, natural or added inclu-
sions can be used to characterize the ceramics of specific sites of the regions as, link-




ing inclusions to their probable geological sources, it is possible to infer the prove-
nance of ceramics. The study of the inclusions is based on the description of their fre-
quency (predominant, dominant, frequent, common, few, very few, rare, very rare), 
grain size (maximum size in mm) and distribution, shape (elongate or equant), angu-
larity or roundness (from very angular to well rounded), spacing (close/single/open 
spaced), orientation and their relationship to each other. For each type of inclusion, 
the nature, shape, roundness, modal size and color are also described. Plastic inclu-
sions such as clay pallets are usually included in the description of the inclusions, be-
ing they referred to as “textural features” (TFs) and the nature, the boundaries, their 
concordance with the matrix are described. 
The term voids includes interstitial spaces or pores that can occur naturally or as a re-
sult of the pottery manufacturing process or thin section preparation. They are classi-
fied on the basis of their shape (planar, channels, vughs and vesicles), frequency, size 
(mega, macro, meso and micro) and alignment. The percentage of voids is defined po-
rosity, which is the factor that imparts specific properties on the finished vessel.  
The microscopic analysis also includes the so called “grouping”. Ceramic sherds are 
grouped and separated into classes with similar composition based upon the nature, 
abundance and appearance of inclusions, clay matrix and voids. In particular, the fea-
tures that most contribute in this separation are: size, color, texture and abundance of 
large inclusions and abundance and nature of large voids.   
These groups (or petrographic groups) represent the concept of fabric. Ceramic in 
thin section can also be grouped more objectively using quantitative data on relative 
abundance of different inclusions and their size. Data can be collected by using com-
parative charts (Mathew et al., 1991), “point/line/ribbon counting” using mechanical 
stage and counter (Middleton et al., 1985), or camera and image analysis software 
(Reedy, 2006; Puglisi et al., 2013). This approach is useful when compositional dif-
ferences are not obvious to naked eye. Usually, the percentages of inclusions and 
voids are estimated and then the percentage of matrix is obtained subtracting the total 
percentage of inclusions/voids from 100.  
 
2.3.4 Scanning Electron Microscopy coupled with Energy Dispersive Spectros-
copy (SEM-EDS) 
SEM-EDS analysis has been carried out to define the groundmass microstructure, in-
clusions and the degree of vitrification using a Scanning Electron Microscope FEI-
Quanta 400 coupled with an Energy Dispersive X-ray Spectroscope working at 20 kV 
at the Department of Earth Sciences of Sapienza-University of Rome. An automatic 
calibration using AlK and CuK lines of a piece of copper grid on an aluminum stub 
has been performed. 




Data obtained by SEM-EDS analysis give information about the mineralogical com-
position of the inclusions and a preliminary chemical composition of the matrix. 
Moreover, the morphological analysis obtained by SEM observations can also pro-
vide useful information to estimate the maximum firing temperature following the in-
dications proposed by Tite and Maniatis (Tite and Maniatis, 1975; Tite et al., 1982) 
that are based on the sinterization grade of the matrix. In particular, SEM examina-
tions can give information about the internal morphology developed during firing, the 
extent of the vitrification and glassy phases and pore structure. According to the re-
sults of the experimental work of these authors, the development of vitrification in 
pottery samples is divided into: 
- non vitrification stage (NV), with temperature ranging from 0 to 850 °C, in which 
no vitrified phases appear, only crystals of phyllosilicates are evident; 
- intermediate stage (NV+) that shows an earlier stage of vitrification in which there 
are not areas of glass but some slight buckling and rounding of the edges of the clay 
minerals occur;  
- first stage of vitrification (IV) characterized by the appearance of isolated smooth 
surfaced areas and rare filament of glass. This stage develops in the temperature range 
800-850 °C in oxidizing atmosphere and it is similar in both calcareous and non-
calcareous clays. The development of vitrification structures depends on the nature of 
the clay, the atmosphere and an inverse relationship exists between the concentration 
of high temperature crystalline phases and the development of the glass phase. 
- stage of vitrification (V), it starts in oxidizing atmosphere at 850 °C, showing a cel-
lular structure and the amount of glass increases forming high temperature crystalline 
phases up to 1050 °C. The development of the glass phase in this stage is strictly con-
nected to the amount of CaO: with percentages between 5 and 10% the network of 
glass tends to be coarser, whereas smooth-surfaced areas of glass are observed when 
Ca oxide is present in major amounts (>15 wt%). 
- diffuse vitrification stage (V+), in the temperature range of 1050-1150 °C, in which 
the cellular structure begins to be coarser and larger areas of glass are present. 
- total vitrification stage (TV), with temperature >1150 °C, showing a completely 
glassy phase when the cellular structure has almost disappeared and has been replaced 
by continuous vitrified areas containing isolated pores. 
The redox state of the atmosphere during the firing influences the above temperature 
ranges defined for the different vitrification stages, as the temperature values are 
higher in oxidizing conditions at about 50 °C than in the reducing ones. 
 




2.3.5 X-Ray Diffraction (XRD) 
The potsherds have been finely ground by hand in agate mortar to be analyzed by 
XRD using a Seifert MZIV automatic powder diffractometer at the Department of 
Earth Sciences of Sapienza-University of Rome. The instrument was equipped with a 
graphite monochromator using Cu Kα radiation, operating at 40 kV and 20 mA. XRD 
data were collected from 5° to 60° 2θ with a step-size of 0.02° and counting time of 8 
s. Origin
®
 software was used to smooth the data and correct the baseline; X’Pert 
Highscore Plus® software was used to identify the mineralogical assemblage. 
One sample for each historical period and one sample of the supposed raw material 
have been re-fired in an electrically heated kiln equipped with a heating programmer 
which enable to set, temperature and temperature gradient. Samples were re-fired up 
to maximum temperature of 950 °C. A heating gradient of 120°C per h was used, the 
maximum temperature reached (950°C) was maintained in the kiln for 16 h, after that 
cooling was allowed and it was slowed down to 120°C per h. After re-firing, samples 
were analyzed by XRD to define in detail the products of reactions that take place dur-
ing heating process. According to Tite and Maniatis (1975) who indicate 800 °C as the 
start point of melting in carbonate rich clays, due to the fluxes acting of Ca and Mg 
(Segnit and Anderson, 1972), samples have been fired at temperature well above that 
temperature to analyzed the newly formed minerals after the decomposition of car-
bonate minerals. The X-ray powder diffraction (XRPD) analysis of potsherd was car-
ried out on a parallel-beam Bruker AXS D8 Advance, operating in transmission in θ-θ 
geometry. The instrument is fitted with an incident-beam Göbel mirror, a position-
sensitive detector (PSD) VÅNTEC-1 set to a 6° 2θ aperture. The optical system in-
cludes a 0.8 mm divergence slit, 3.7° Soller slits on the incident beam, and a radial 
Soller system along the diffracted beam placed just before the PSD. 
A fragment of each potsherd was gently hand ground in an agate mortar under ethanol. 
The powders were loaded in 0.7 mm diameter borosilicate-glass capillaries that were 
aligned onto a standard goniometer head. XRPD data were collected on this apparatus 
in step-scan mode in the 3–145° 2θ angular range (CuKα), using a step size of 0.0219° 
2θ and a counting time of 10 s. A further series of patterns were collected ex-situ on 
powdered fragments of the same samples fired at 950 °C. Data analysis was performed 
by the Rietveld method using Topas 4.2.3. This program implements the Fundamental 
Parameters Approach FPA.31 FPA is a convolution approach in which the peak-shape 
is synthesised from a priori known features of the diffractometer (i.e. the emission 
profile of the source, the width of the slits, the angle of divergence of the incident 
beam) and the microstructural features of the specimen. Peak shape was modelled 
through FPA with the peak broadening that was assumed to follow a Lorentzian (size) 
and a Gaussian (strain) behaviour. Peaks position was corrected for sample displace-




ment from the focusing circle. The background was fitted with a Chebyshev polyno-
mial of the first kind. Refined parameters included: absorption correction, scale fac-
tors, cell parameters, and peak shape for all minerals.  
 
2.3.6 Chemical analysis 
Chemical composition of pottery can give information about the provenance of raw 
material allowing to describe the source areas and the possible route of trades.  
Chemical analysis has been applied in the study of ceramic material since XIX century 
(Brongniart, 1844), in order to find appropriate raw material for modern ceramic in-
dustries (Le Châtelier, 1907; Verneuil, 1911). Chemical analysis as part of archaeo-
metric investigations started to be applied since 1930 (Levi, 1931), but the spread of 
its application started with the introduction of spectroscopic techniques that allow a 
more simple and faster acquisition of data set. 
Chemical results in the study of pottery have to be discussed considering that the 
chemical composition of vessels does not always correspond to chemical composition 
of clay, as the additions of tempers can change chemistry (Neff et al., 1988; Kili-
koglou et al., 1988, Grifa et al., 2009) and also the post-burial processes can produce 
secondary phases (Maggetti, 1982; Freestone, 2001; Maritan and Mazzoli 2004; 
Schwedt et al., 2004). In this view chemical analysis has to be compared to the petro-
graphic results.  
Usually, the chemical composition of sherds has to be compared to those of the scrap 
firing, that are remains of sure local provenance. However, the scrap firing remains are 
difficult to be found, and the definition of provenance has to be based on the compari-
son to the clay collected nearby the site by statistical approach. 
The chemical elements analyzed depend on the techniques applied. Djingova et al. 
(1990) and then Kuleff and Djingova (1996) proposed the use of twenty-three ele-
ments in the definition of provenance: Al, Ca, Ce, Co, Cs, Cr, Cu, Fe, Hf, La, Mg, Mn, 
Na, Ni, Rb, Sc, Si, Sm, Sr, Ti, Th, V, Zr. 
In the present work, a combination of Lithium Metaborate/Tetraborate fusion ICP 
whole rock and trace element ICP/MS have been carried out by ActLabs Laboratory. 
Fused sample is diluted and analyzed by Perkin Elmer Sciex ELAN 9000 ICP/MS. 
Three blanks and five controls (three before sample group and two after) are analyzed 
per group of samples.  
Samples are prepared and analyzed in a batch system. Each batch contains a method 
reagent blank, certified reference material and 17% replicates. Samples are mixed with 
a flux of lithium metaborate and lithium tetraborate and fused in an induction furnace. 
The molten melt is immediately poured into a solution of 5% nitric acid containing an 
internal standard, and mixed continuously until completely dissolved (about 30 




minutes). The samples are run for major oxides and selected trace elements on a com-
bination simultaneous/sequential Varian Vista 735 ICP. Calibration is performed using 
7 prepared USGS and CANMET certified reference materials. One of the 7 standards 
is used during the analysis for every group of ten samples. Totals should be between 
98.5% and 101%. If results come out lower, samples are scanned for base metals. Low 
reported totals may indicate sulfate being present or other elements like Li which 
won’t normally be scanned for. Samples with low totals however are automatically re-
fused and reanalyzed. 
For accurate levels of the base metals Cu, Pb, Zn, Ni and Ag, a 0.25 g sample is di-
gested with four acids beginning with hydrofluoric, followed by a mixture of nitric 
and perchloric acids, heated using precise programmer controlled heating in several 
ramping and holding cycles which take the samples to dryness. After dryness is at-
tained, samples are brought back into solution using hydrochloric acid. With this di-
gestion certain phases may be only partially solubilized. These phases include zircon, 
monazite, sphene, gahnite, chromite, cassiterite, rutile and barite. Ag greater than 100 
ppm and Pb greater than 5.000 ppm should be analyzed as high levels may not be sol-
ubilized. Only sulfide sulfur will be solubilized.  
 
Fusion ICP 
Oxide Detection Limit (%) 
SiO 2 0.01 
Al2 O3 0.01 








Loss on Ignition 0.01 
  















Ag 0.5 100 ICP/MS   Cu 1 10,000 ICP/MS 
As 5 2,000 ICP/MS   Dy 0.1 1,000 ICP/MS 
Ba 3 500,000 ICP   Er 0.1 1,000 ICP/MS 
Be 1 - ICP   Eu 0.05 1,000 ICP/MS 
Bi 0.4 2,000 ICP/MS   Ga 1 500 ICP/MS 




Ce 0.1 3,000 ICP/MS   Gd 0.1 1,000 ICP/MS 
Cd 0.5 5,000 ICP/MS  Ge 1 500 ICP/MS 
Co 1 1,000 ICP/MS   Hf 0.2 1,000 ICP/MS 
Cr 20 10,000 ICP/MS   Ho 0.1 1,000 ICP/MS 















La 0.1 2,000 ICP/MS   Sr 2 10,000 ICP 
Lu 0.04 1,000 ICP/MS   Ta 0.1 500 ICP/MS 
Mo 2 100 ICP/MS   Tb 0.1 1,000 ICP/MS 
Nb 1 1,000 ICP/MS   Th 0.1 2,000 ICP/MS 
Nd 0.1 2,000 ICP/MS   Tl 0.1 1,000 ICP/MS 
Ni 1 10,000 ICP/MS   Tm 0.05 1,000 ICP/MS 
Pb 5 10,000 ICP/MS   U 0.1 1,000 ICP/MS 
Pr 0.05 1,000 ICP/MS   V 5 10,000 ICP 
Rb 2 1,000 ICP/MS   W 1 5,000 ICP/MS 
S 0.001% 20% ICP/MS   Y 2 10,000 ICP 
Sb 0.5 200 ICP/MS   Yb 0.1 1,000 ICP/MS 
Sc 1 - ICP   Zn 1 10,000 ICP/MS 
Sm 0.1 1,000 ICP/MS   Zr 4 10,000 ICP 
Sn 1 1,000 ICP/MS       
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3. STATISTICAL TREATMENTS OF DATA 
 
Recently, the application of statistical procedures in the elaboration of results concern-
ing cultural heritage artifacts has been greatly appreciated as they permit to correlate a 
large number of variables (Baxter and Buck, 2000; and see for example, Aruga et al., 
1993; Cotrim et al., 1999; De Benedetto et al., 2005; Papachristodoulou et al., 2006; 
Nel et al., 2010).  
Statistical approaches to analytical data are a complementary tool useful to the discus-
sion of the results providing information about the relationships among and between 
the analyzed samples.   
Multivariate statistical techniques are the most diffused methodologies used to identify 
groupings among the samples on the basis of multivariate measurements, which can 
be clearly differentiated from each other, in order to find an archaeological classifica-
tion (Hart and Adams 1983; Aruga et al., 1993; Bruno at el., 1994; Mirti et al., 1995, 
1998). Moreover, statistical data handling can be useful to assign pottery to a specific 
group of objects with similar features.   
In this work, analytical data have been processed applying two different statistical 
multivariate methods: the cluster analysis (CA) (Baxter, 1999), and the principal com-
ponent analysis (PCA) (Baxter and Buck, 2000) using XLSTAT
®
 software. 
Both methods belong to the “unsupervised learning” methods that established that no 
groups have been created a priori (Baxter, 2006). 
The Hierarchical cluster analysis is a statistical method that allows to create, in a set of 
data, a series of coherent groups. This method permits to separate statistic units that 
present differences from the others groups and for this reason are isolated (outlier) 
(Baxter, 1999). The method is based on the measure of dissimilarity between cases in 
a data matrix. Considering k the number of variables (wavelength of FTIR spectrum or 
chemical elements) and n the observations (samples), after log transformation, Euclid-
ean distance is chosen as the measure of dissimilarity between cases.  
The method applied is the hierarchical agglomerative which grouped samples on the 
basis of inter-object distances in high dimensional space defined by an agglomerative 
algorithm. In the first stage, each object forms a cluster, then two objects closest to-
gether are joined. In the next step, either a third object joins the first two or two other 
objects join together in a different cluster. Each step results in one lesser cluster than 
the step before, until, at the end, all objects are in one cluster. The metric distance and 
linkage determine how the distance between two clusters is calculated. In this view, in 
each cluster similar cases are found, but significantly different from the cases put in 
other cluster (Baxter, 2006). 




Differences between samples have been processed graphically in a dendrogram in 
which each sample is located in different branches and the level of union between 
samples is proportional to the dissimilarity. 
Dendrograms can be created by different methods: Average–Linkage Cluster Analysis; 
Single Linkage (Nearest Neighbour); Complete Linkage (Furthest Neighbour); Cen-
troid Method; Median Method; Ward’s Method. 
In this work the Ward’s method has been applied. It is based on the calculation of de-
viance connected to the groups evaluating the distance between cluster trough their 
variance. 
In the Ward’s method the variability within the jth cluster is defined as  




     
 
Where nj is the number of cases in cluster j and ȳk is the mean of the kth variable in the 
cluster.  
Groups have been defined as a set of samples with minimum deviance, whereas the 
distance between two groups has been calculated as subtraction between total devi-
ance and the sum of the two groups’ deviance. Moreover, the Ward’s method is con-
sidered efficient in the description of samples distributions avoiding the creation of 
excessive number of groups (Mommsen et al., 1988). 
PCA is a statistical method based on the variance of variables that reduces the number 
of the variables considering only those that maximize the difference between samples 
(Johnson, 1998). This method allows to define the anomalous behavior of samples 
(outlier) respect to the others (Baxter, 1999) and to define how variables, in this case 
how chemical elements, influence the differences between samples. It calculates or-
thogonal linear combinations of the auto-scaled variables, by using the correlation ma-
trix, based on the maximum variance criterion. Such linear combinations are called 
principal components scores and loadings the coefficients of the linear combinations. 
The PCA considers an X data matrix with n rows (samples) and p columns (wave-
number of FTIR spectrum or chemical elements, in our case) in order to create new 
variables in a lower number respect to the untreated data that preserves most of the to-
tal variance. From X data matrix the principal components are calculated according to 
the maximum variance criterion, i.e. each successive component is an orthogonal 
combination of the original variables such that it covers the maximum of the variance 
not accounted for by the previous components. Each of principal components can de-
scribe a percentage of variance in the system. Usually, if there is a strictly correlation 
between variables, the first two or three principal components are able to describe the 
majority of the variance of the system (Baxter, 1999). The projection of plots of ob-
jects onto the first two or three principal components axes is a linear projection of ob-




jects onto the two- or three-dimensional subspace that maintains most of the total vari-
ance (score plot). The coefficients by which the original variables must be multiplied 
to give the new parameters, are referred to as loadings. The numerical value of the 
loading of each variable on a given principal component shows how much the variable 
has in common with that component. Therefore, the loading plot of the variables onto 
the two-dimensional subspace, defined by the first two principal components, displays 
the correlation between the old variables (wavenumber of FTIR spectrum or chemical 
elements) and these PCs.  
In the score plot, the samples are represented by points and the outliers are located at 
the extreme of the plot, as results of the maximization of variance along the new axes 
since the distance between samples is inversely proportional between each other. The 
outlier influences the results, so it is usually deleted and the statistical analysis is car-
ried out again on the new set of data (Baxter, 1999; Papageorgiou et al., 2001). 
 
3.1 Statistical analysis of FTIR data 
The interpretation of FTIR spectra, based on the attribution of all the spectra transition 
is not straightforward. Recently, the application of statistical methods to IR data, with 
the purpose to check if similarities in the spectra can create a grouping among sam-
ples, drew the interest of the whole scientific community (Forina et al., 1993; De 
Maesschalck et al., 1999; Ruiz-Jiménez et al., 2004). Biotechnological, agricultural, 
chemical and medical studies (Wood et al., 1996; Goncalves et al., 1998, 2005; Coim-
bra et al., 1999; Cotrim et al., 1999; Goncalves and Ruzene, 2001; Miranda et al., 
2001; Zagonel et al., 2004; Yu, 2005) have been focused on the use of multivariate 
analysis technique of FTIR data. The most common statistical technique applied to 
identify the major features useful in the definition of “pattern recognition” in FTIR 
spectra is the PCA method (Cotrim et al., 1999; De Benedetto et al., 2005; Nel et al., 
2010; Sarmiento et al., 2011).  
The infrared spectrum is composed by measurements of absorbance at different X 
wavelengths. If N is the number of spectra (i.e., of samples), these data can be ar-
ranged in a matrix (N,X). For FTIR spectra, the pre-treatment methods of data and the 
choice of spectral region vary depending on the object to be analyzed; in particular, 
the spectral region has been chosen on the basis of the vibrations on which the works 
are focused on. Whereas, pre-treatment of data usually consists in the baseline correc-
tion or the second derivative, the normalization of data and the smoothing, but the or-
der and the kind of treatment to be applied vary from case to case (Cotrim et al., 1999; 
De Benedetto et al., 2005; Nel et al., 2010; Sarmiento et al., 2011).  
In this work, prior to elaborate a statistical analysis, it was needed to choose the pre-
treatment of data. In order to improve the PCA model, the complete FTIR spectra 






), the spectra between 400 and 1600 cm
-1
 and the spectra reduced 
in the range 400-1200 cm
-1
 have been pretreated following five different models pro-
posed in literature in order to select the most suitable. Data were pretreated using 
ORIGIN PRO® software, and the five models were applied only for a limited number 
of spectra of samples belonging to the EB IIIA phase.  
Model 1) the spectra were normalized between 0 and 1 and then the baseline correc-
tion has been applied (De Benedetto et al., 2005). 
 
 
  PC1 PC2 PC3 PC4 PC5 
Value 238,78 135,50 109,58 88,67 63,19 
Variability 
% 28,4 16,11 13,03 10,54 7,51 
Cumulative 
variance % 28,4 44,50 57,53 68,08 75,59 
 
 
Model 1a) the spectra were normalized between 0 and 1, the baseline correction has 
been applied and finally the data were smoothed using Savitzky-Golay method with 





  PC1 PC2 PC3 PC4 PC5 
Value 239,13 135,50 109,73 88,97 63,18 
Variability 
% 28,40 16,09 13,03 10,57 7,50 
Cumulative 











Model 2) the spectra were normalized between 0 and 1, the second derivative was cal-
culated and finally the data were smoothed using Savitzky-Golay method with nine-
point and third order polynomial filter (De Benedetto et al., 2005). 
 
MODEL 2  
 
  PC1 PC2 PC3 PC4 PC5 
Value 171,75 133,21 101,76 93,84 70,77 
Variability 
% 20,40 15,82 12,09 11,15 8,41 
Cumulative 
variance % 20,40 36,22 48,30 59,45 67,86 
 
 
Model 2a) the spectra were normalized between 0 and 1, data were smoothed using 
Savitzky-Golay method with nine-point and third order polynomial filter and finally 
the second derivative was calculated. 
 
MODEL 2a  
 
  PC1 PC2 PC3 PC4 PC5 
Value 172,40 133,25 101,58 93,87 70,87 
Variability 
% 20,47 15,83 12,06 11,15 8,42 
Cumulative 
variance % 20,47 36,30 48,36 59,51 67,93 
 
 
Model 3) firstly, the baseline correction has been applied and then data were normal-












  PC1 PC2 PC3 PC4 PC5 
Value 248,22 163,31 108,78 81,28 60,93 
Variability 
% 29,48 19,40 12,92 9,65 7,24 
Cumulative 
variance % 29,48 48,88 61,80 71,45 78,69 
 
 
The selection of the spectral regions was necessary to identify the areas where all the 
compounds of interest had characteristic absorptions bands. The most favorable area 
to carry out this study was the spectral region between 400 and 1600 cm
-1
 which takes 
into account the contribution of the fingerprint of inorganic compounds, below 1000 
cm
-1
, and the carbonate absorption band at about 1400 cm
-1
.  
In the applied pre-treatment models, mathematical treatments baseline correction re-
sulted to be affected by excessive modification due to the operator that influenced and 
modified the PCA results. For this reason, the second derivative of the spectra was 
considered to be the best choice as involving a correction in the baseline and increas-
ing the small differences among the spectra highlighting small shoulders and peaks 
only through the applying of mathematical operations.  
Therefore, among the five proposed, model 2 has been chosen to be applied in this 
work in the spectral range between 400 and 1600 cm
-1
.  
The ASCII data were elaborated with ORIGIN PRO
®
 software and imported into sta-
tistical software (XLSTAT
®





3.2 Statistical analysis of chemical data 
Chemical data have been processed by two different statistical multivariate methods: 
the cluster analysis (CA) (Baxter, 1999), and the principal component analysis (PCA) 
(Baxter and Buck, 2000). In this work, the compositional data of bulk material of pot-
tery samples have been studied using XLSTAT
®
 software which runs as additional 
component of Microsoft Excel
®
. 
Statistical analysis was performed on concentration matrix of the twenty-three ele-
ments proposed by Djingova et al. (1990) and Kuleff and Djingova (1996) with the 
addition of Ga, Nb, Y, K and Zn of seventeen ceramic samples, two samples of clay 




material and one sample collected from a brick. In particular, the starting data set was 
deprived of some chemical components, in particular P2O5 and Ba, as they could have 
been affected by post burial contamination processes (Maggetti, 2001). Afterwards, 
data were log10 transformed in order to avoid deleterious effects of scale effects of 
clustering results (e.g., V-shaped chemical data; Aruga et al., 1993).  
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4.1 Macroscopic Analysis 
Macroscopic analysis of ceramic samples is a preliminary observation necessary to di-
rect the subsequent investigations of the sherds. It is based on the observation on eyes 
and gives information about homogeneity or inhomogeneity of the artifacts color, dif-
ferentiation of the color between intern and extern part, the present or absence of deco-
ration and superficial slips. In particular, the color of each samples has been described 
according to Munsell color system (1975), the most common system used in archaeo-
metric studies of ceramic. 
 
4.1.1 EB II 
Macroscopic analysis showed a great variability 
in the analyzed potsherds. On the basis of the dif-
ferent color matrix three groups of sherds have 
been recognized: 1) red-pale brown, 2) the so 
called “black core” and 3) gray color. 
Samples KB.06.E.702/10 and KB.06.E.704/6 
show a homogeneous red-brown matrix color, 
ranging from red to light brown. Externally these 
fragments are characterized by a very thin red su-
perficial slip as showed in the Figure 1. 
Samples KB.06.B.392/8, KB.06.E.703/5, 
KB.06.E.703/6, and KB.06.E.704/1 show the so-called “black core”, a typical sand-
wich structure having red margin and black central part. In particular, sample 
KB.06.E.703/6 shows the inner surface black and not red probably due to an non ho-
mogeneous diffusion of oxygen. In this group only sample KB.06.E.704/1 shows an 
inner slip (2.5YR5/6 red) and inner horizontal 
burnish.  
The last group includes samples 
KB.06.E.706/1 and KB.06.E.706/2 showing a 
very light gray color, ranging from pale brown 
to gray. Both samples show an inner and outer 
red slip.  
The results clearly show that there is no corre-
lation between color and type of potteries. 
The majority of the fragments show trace of 
Figure 1: Fragment KB.06.E.702/10 
showing a red superficial slip. 








handmade manufacturing process (Fig. 2). In particular, samples KB.06.E.706/1 and 
KB.06.E.706/2 shows a series of parallel tracks on the surface, which are typical in the 
ceramics made up with a wheel. 
The superficial decorations and treatments of these samples are very different. Sam-
ples KB.06.B.392/8, KB.06.E.703/5 and KB.06.E.703/6 do not present any kind of 
superficial decoration or final treatments. On the contrary, samples KB.06.E.702/10, 
KB.06.E.704/1, KB.06.E.704/6, KB.06.E.706/1 and KB.06.E.706/2 are characterized 
by a red thin slip, polished with instruments in order to make shiny the surface.   
The observation carried out by using the stereomicroscope showed that the size of the 
inclusions cover a dimensional range from micrometric to millimetric in the same 
shard. The samples present a seriate granulometric distribution characterized by inclu-
sions belonging to different dimensional granulometric classes. By stereomicroscopy 
white, dark and red inclusions have been shown and fragments of grog, i.e. pieces of 
ceramic objects, grounded and reused in the paste have been also identified.  
Table 1 shows the morphological and typological characteristics of the fragments. 
 
Table 1: Morphological and typological characteristics of the fragments belonging to Early Bronze Age 
II. 
EB II     Color   


















































































Made by hand, 
whell 








4.1.2  EB IIIA 
The samples of this archaeological layer can be divided in four groups on the basis of 
the matrix color: 1) red/brown, 2) the so called “black core”, 3) gray and 4) not homo-
geneous color. 
Samples KB.05.A.58/1, KB.05.A.64/1, KB.05.B.136/1, KB.05.B.146/3, 
KB.05.B.146/5, KB.05.B.146/6, KB.05.B.146/15, KB.05.B.146/20, KB.06.B.376/4, 
KB.06.B.413/2, KB.06.E.701/2, KB.06.E.703/3, KB.08.B.805/6 and KB.09.B.820/13 
show an homogeneous red/brown color matrix ranging from pink, pale red, red, red-
dish yellow, reddish brown to brown. 
Samples KB.05.A.52/8, KB.05.B.136/3, KB.05.B.146/4 and KB.05.B.146/8 show the 
typical “black core” with red margin and black central part.  
Samples KB.05.A.64/13, KB.05.B.126/3, KB.05.B.146/1, KB.05.B.146/7, 
KB.05.B.146/30, KB.06.B.167/4, KB.06.B.427/1, KB.09.B.820/10, KB.09.B.820/12, 
KB.08.B.805/32, KB.08.B.805/33 and KB.08.B.805/34 show an homogeneous gray-
dark color ranging from gray, bluish gray to dark gray.  
Samples KB.05.B.110/15, KB.05.B.126/1, KB.05.B.126/4, KB.05.B.136/5 and 
KB.05.B.146/24 are characterized by not homogeneous red and gray color.  
There is no evident correlation between color and type of pottery. In particular the 
color of EB IIIA SW potteries ranges from pink, light red, pale red, reddish yellow, 
red, to very pale brown, while that of StW potteries ranges from red, reddish yellow, 
gray, to dark gray, and the color KKW potteries ranges from reddish yellow, light red-
dish brown, gray, to dark gray. 
The samples of EB IIIA phase are characterized by superficial slip of different color, 
variable from pink, red to brown and different final processing as burnish, polished 
and a particular one defined as “net-burnish” visible on the sample KB.05.B.146/1. 
The burnishing is a type of final treatment in which the surface of the pottery is pol-
ished using an hard instrument as a rock, before firing. The so called “net-burnish” is a 
burnishing in which the instrument is used to notch the surface with the purpose to 
create a netting drawing.  
EB IIIA samples show different type of decorations: geometrical drawings obtained 
notching the surface (the so called “combed” in sample KB.05.A.64/13) or painting 
the surface in the samples KB.05.A.64/1, KB.05.B.126/1, KB.05.B.126/3, 
KB.05.B.146/3, KB.05.B.146/15. Sample KB.06.B.167/4 shows a particular decora-
tion called “grain wash” obtained coating the pottery before firing with red, orange or 
brown vertical and parallel bands (Fig. 3).  
 





KB.05.A.64/1        KB.05.B.126/1           KB.05.B.126/3 
 
KB.05.B.146/3        KB.05.B.146/15           KB.06.B.167/4 
Figure 3: Photographs of EB IIIA fragments showing different superficial treatments. 
 
The wheel process is common in the shards of this period (KB.05.A.64/13, 
KB.05.B.126/3, KB.05.B.136/3, KB.05.B.146/1, KB.05.B.146/4, KB.05.B.146/7, 
KB.05.B.146/8, KB.05.B.146/15), as these samples showed parallel traces on the ex-
ternal surface. Sherds belonging to the KKW group are all made by hand and external-
ly they are characterized by a dark slip, shining or burnished (KB.09.B.820/10, 
KB.09.B.820/12, KB.09.B.820/13), whereas sample KB.08.B.805/6 shows a red shine 
slip (Fig. 4). 
 
KB.09.B.820/10 KB.09.B.820/12 KB.09.B.820/13 KB.08.B.805/6 
Figure 4: Photographs of KKW fragments with different superficial treatments. 
 
The observations by the stereomicroscope showed that the size of the inclusions  rang-
es from micrometric to millimetric in the same shards. The samples present a seriate 
granulometric distribution characterized by white, dark and red inclusions. Also frag-
ments of grog have been observed. In sample KB.05.B.146/20 fragments of fossils 
have also been identified. 
Tables 2 and 3 shows the morphological and typological characteristics of the frag-













Table 2: Morphological and typological characteristics of the fragments belonging to Early Bronze Age 
IIIA. 
EB IIIA     Color    






























































































































































































EB IIIA     Color    





















































































































































































         





         
EB IIIA     Color    



















Table 3: Morphological and typological characteristics of the KKW fragments. 
EB IIIA  KKW     Color    




Matrix Fabric Decoration Burnished Polished 
KB.06.B.427/1 KKW Jug - 
2.5YR5/1  
(gray) 
Gray - - Outer 









































KKW Jug - 
2.5YR5/1  
(gray) 
Gray - - Outer 
 
KB.08.B.805/33 
KKW Jug - 
2.5YR5/1  
(gray) 
Gray - - Outer 
 
KB.08.B.805/34 
KKW Jug - 
2.5YR5/1  
(gray) 
Gray - - Outer 
 
KB.09.B.820/12 
KKW Jug - 
2.5YR5/1  
(gray) 
Gray - - Outer 
 
4.1.3  EB IIIB 
Macroscopic analysis showed a great variability in the analyzed potsherds. As the pre-
vious samples, also the fragments of this period can be divided in four groups on the 
basis of the different matrix color: 1) red, 2) the so called “black core”, 3) gray and 4) 
not homogeneous color. Outer applied rope decorations are common in these vessels. 
Samples KB.05.A.46/8, KB.05.A.204/2, KB.05.A.204/3, KB.11.B.1054/12, 
KB.11.B.1054/13, KB.10.B.1054/24, KB.10.B.1054/62, KB.11.B.1124/1, 




KB.11.B.1124/3, KB.11.B.1124/15, KB.11.B.1124/19,  KB.11.B.1128/52 and 
KB.11.B.1128/65 show an homogeneous red/brown color matrix ranging from pink, 
reddish yellow, red, light brown to brown. 
Samples KB.05.A.46/2, KB.05.A.216/4, KB.05.A.220/5, KB.05.A.224/2, 
KB.06.A.120/6, KB.05.B.111/3, KB.10.B.1040/8, KB.11.B.1054/2, KB.11.B.1124/10, 
KB.11.B.1124/24, KB.11.B.1124/33, KB.11.B.1124/8, KB.11.B.1128/1, 
KB.11.B.1128/50 and KB.11.B.1128/51  show the typical “black core” with red mar-
gin and black central part.  
Samples KB.10.B.1054/6, KB.11.B.1124/22 and KB.11.B.1124/29 show an homoge-
neous gray-dark color ranging from gray to dark gray.  
Samples KB.11.B.1054/21, KB.10.B.1054/22 and KB.11.B.1124/28 are characterized 
by not homogeneous red and gray color.  
Table 4 shows the morphological and typological characteristics of the fragments. 
 
Table 4: Morphological and typological characteristics of the fragments belonging to Early Bronze Age 
IIIB. 
EB IIIB     Color  








KB.05.A.46/2 Storage Ware Jar 
Made by 
hand 
25YR5/8 (red) Black core - 
KB.05.A.46/8 Storage Ware Pithos 
Made by 
hand 




KB.05.A.216/4 Storage Ware Jar 
Made by 
hand 
1FORGLEY5/N (gray) + 
2.5YR5/6 (red) 
Black core - 





7.5YR6/4 (light brown) Red-brown 
outer punc-
tuated 





7.5YR5/4 (brown) Red-brown - 
KB.05.A.220/5 Storage ware Pithos 
Made by 
hand 


















Jug - - Black core - 





Black core - 
KB.10.B.1040/8 Storage Ware Pithos - - Black core - 





       
EB IIIB     Color  








KB.11.B.1054/2 - Pithos - - Black core - 
KB.10.B.1054/6 Simple Ware Vat - - Gray - 




Jar - - Red-brown - 




7.5YR7/2 (pinkish gray)+ 












KB.10.B.1054/24 Storage Ware Pithos - 2.5YR5/6 (red) Red-brown - 





- - Red-brown - 




- 2.5YR5/6 (red) Red-brown - 
KB.11.B.1124/10 Storage Ware Pithos - - Black core - 
KB.11.B.1124/15 Storage Ware 
Hole 
mouth jar 




- - Red-brown - 
KB.11.B.1124/22 Simple Ware Jar - - Gray - 
KB.11.B.1124/24 Storage Ware Jar - - Black core - 








juglet - - Black core - 
KB.11.B.1124/8 Storage Ware jar - - Black core - 




EB IIIB     Color  








KB.11.B.1128/1 Storage Ware jar - - Black core - 
KB.11.B.1128/50 Storage Ware pithos - 
2.5YR5/6 (red)+ 1FOR GLEY 
3/N (very dark gray) 
Black core - 
KB.11.B.1128/51 Storage Ware pithos - 
 
5YR6/6 (reddish yellow)+ 
1 FOR GLEY 3/N (very dark 
gray) 
Black core - 
KB.11.B.1128/52 Storage Ware 
Hole-
mouth jar 




juglet - 7.5YR7/4 (pink) Red-brown - 
 
4.1.4 EB IV 
The ceramic fragments belonging to this phase only rarely show superficial decora-
tions. For these sherds also the different matrix color allows to recognize four groups: 
1) red-brown, 2) pink, 3) the so called “black core” and 4) gray color. 
Samples KB.05.5/D200, KB.05.A/6b1, KB.05.A.18/5, KB.05.A.21/27, KB.05.A.31/2, 
KB.05.A.62/2, KB.05.A.8b/3b, KB.05.A.88/1, KB.05.A.96/1, KB.05.A.98/1, 
KB.05.A.212/6, KB.05.B.128/3 and KB.06.A.ø/18 show an homogeneous red or 
brown matrix color, ranging from pink, reddish yellow, yellowish brown, red, light 
brown to strong brown.  
Samples KB.05.A.62/1, KB.05.A.68/2, KB.05.A.82/4, KB.05.A.84/3, KB.05.A.210/2, 
KB.05.A.216/12, KB.06.A.248/2, and KB.06.A.256/1 show the so called “black core”. 
In particular, the difference in color between the central part and the margin is clearly 
evident in sample KB.05.A.68/2, while the core of other samples is gray in color.  
Samples KB.05.A.210/4, and KB.06.A.248/2 show a gray matrix color.  
There is no correlation between color and type of potteries; in particular, the color of 
EB IV SW potteries ranges from light yellowish-red to reddish-yellow, while that of 
StW ranges from pink, light yellowish brown to light-pale brown. All KW potteries 
were usually reddish-brown or strong brown, while MW are grey.  
These fragments show superficial treatments, outer red slip or combed, applied and 
incised decoration.  
Among these fragments, the superficial treatments have not been diffuse, as example 
Figure 5 shows the sample KB.05.A.18/5 with a combed decoration and sample 







Figure 5: Photographs representing superficial treatments: the sample KB.05.A.18/5 (left) with a combed 
decoration and the sample KB.05.A.204/2 (right) with an incised decoration. 
 
The majority of the fragments show trace of handmade manufacturing process. Only 
samples KB.05.A.62/1, KB.05.A.96/1 and KB.06.A.256/1 show a series of parallel 
tracks on the surface, which are typical in the ceramics made up with a wheel. 
The size of the inclusions ranges from micrometric to millimetric in the same shards. 
A seriate granulometric distribution of the inclusions has been observed also in the 
sherds of this period. White dark, gray, yellow and red inclusions have been observed 
and also fragments of grog have been identified.   
Table 5 shows the morphological and typological characteristics of the fragments. 
 
Table 5: Morphological and typological characteristics of the fragments belonging to Early Bronze Age 
IV. 
EB IV     Color  





Matrix Fabric Decoration 
KB.05.5/D200 Simple Ware Jar Made by hand 
7.5YR 6/4 (light 
brown) 
Red-brown applied 
KB.05.A.6b/1 Kitchen Ware Hole-mouth pot - 2.5YR5/6 (red) Red-brown - 
KB.05.A.18/5 Simple Ware Jar Made by hand 





KB.05.A.21/27 Storage Ware Jar - 





KB.05.A.34/2 Simple Ware Jar - 2.5YR6/2 (pale red) Red-brown 
Outer inci-
sed 




Black core - 











EB IV     Color  





Matrix Fabric Decoration 
KB.05.A.68/2 Storage Ware Jar - 
10 YR 5/2 
(grayish brown)+ 
2.5 Y 2.5/1 (black) 
Black core - 
KB.05.A.82/4 Simple Ware Jar - 
10 YR 6/4 
(light yellowish brown) 
+10 YR 7/4 
(very pale brown) 
Black core - 
KB.05.A.84/3 Simple Ware Jar Made by hand 
2.5YR6/8 
(light red)+ 






KB.05.A.8b/3b Kitchen Ware Hole-mouth pot - 2.5YR5/6 (red) Red-brown - 














KB.05.A.210/2 Simple Ware Jar - 
1 FOR GLEY 5/N 
(gray)+ 
5 YR 6/6 
(reddish yellow) 
Black core - 




KB.05.A.212/6 Simple Ware Jar Made by hand 7.5YR8/3 (pink) Red-brown - 
KB.05.A.216/12 Storage Ware Jar Made by hand 
2.5YR5/6 (red)+ 
1 FOR GLEY 5/N 
(gray) 
Black core - 




KB.06.A.248/2 Storage Ware Jar Made by hand 5Y5/1 (gray) Black core 
outer 
combed 
KB.06.A.256/1 Storage Ware Jar Made by hand, whell 
5YR7/6 
(reddish yellow)+ 
1 FOR GLEY 5/N 
(gray) 
Black core - 
KB.06.A.ø/18 Storage Ware Jar Made by hand 
10YR6/4 














4.2 Optical Microscopy analysis in thin section (OM) 
The study of archaeological pottery in thin sections under the optical microscope is a 
traditional approach used to describe and to characterize ancient ceramic artifacts. 
This kind of analysis can give information to define how the pottery was made in the 
past. In particular, the definition of the mineralogical composition can provide infor-
mation about the provenance of the pottery; the percentage, grain size and distribution 
of the inclusions can allow to reconstruct the technique used to produce the pottery; 
and finally the presence of high temperature minerals, as well as the occurrence or ab-
sence of primary calcite and the “optical activity” of the matrix allow to estimate the 
firing temperature. 
Considering the nature of the inclusions, their packing and the mean size, here are dis-
tinguished twelve petrographic fabrics (following the indication of Whitbread, 1986, 
1995) among the analyzed thin sections (Appendix B and Tables 6 and 7).  
These groups have almost the same mineralogical composition, however Fabric A is 
characterized by the presence of micritic and sparry calcite as inclusions in a fine cal-
careous matrix with vesicles as pores. Samples of Fabric B, containing clay pallets 
and fragments of grog, are divided into three subgroups (B1, B2 and B3) on the basis 
of the different percentage of elongated vughs and on the aspect of the matrix. Fabric 
C is characterized by the presence of diffuse fragments of calcite, clay pallets and iron 
oxides in a calcareous matrix with mega-vughs; it is possible to divide this fabric into 
C1, having small sized of inclusions of calcite, and C2 with coarse grained calcite in-
clusions. The main feature of Fabric D is the prevalence of calcite crystals in a calcar-
eous matrix with mega-vughs; moreover on the basis of the percentage of porosity 
Fabric D is further divided into D1 and D2. Fabric E is mainly represented by the 
presence of fine inclusions of micritic calcite in a calcareous matrix containing mainly 
vesicles. Fabric F, characterized by the presence of fragments of fossils and sedimen-
tary rocks as inclusions, can further divided into F1 and F2 considering the percentage 
of inclusions and the nature of the matrix. Fabric G, containing inclusions of basaltic 
rocks and fragments of fossils, is divided into two fabrics on the basis of the color of 
the matrix, whereas Fabric H shows the same inclusions associate to large-sized of 
clay pallets and iron oxides. Large-sized fragments of fossils and in particular frag-
ments of shells, are the main feature of Fabric I. Fabric L with coarse inclusions of 
calcite, divided into L1 with high percentage of inclusions and L2 with low percent-
age, is distinguished by the Fabric M which shows crystals of calcite associated to 
micritic calcite and fragments of sedimentary rocks; on the basis of the shape of pores 
are identified the subgroups M1 and M2. Finally, Fabric N is characterized by diffuse 
clay pallets and rare inclusions of calcite in calcareous matrix with mega-vughs.  




The results of optical microscopy analysis of pottery from Khirbet al-Batrawy have 
been shown and discussed according to the four periods of Batrawy urbanization and 
following the division into fabrics.  
 
4.2.1 EB II 
All the analyzed samples show al-
most the same petrographic features. 
However they can be attributed to 
four different fabrics (described 
above, Appendix B): Fabric A-
calcite, micritic and sparry calcite 
with vesicles) KB.06.E.706/1, 
KB.06.E.706/2 (Fig. 6); Fabric B-
clay pallets and fragments of grog 
B1) KB.06.B.703/6 and B2) 
KB.06.B.392/8, KB.06.E.703/5; 
Fabric C-calcite and clay pallets 
C1) KB.06.E.702/10 and Fabric D-
crystals of calcite D1) KB.06.E.704/1, KB.06.E.704/6.  
The Fabric A-calcite, micritic and sparry calcite with vesicles is characterized by the 
presence of inclusions essentially consisting of sand-sized particles (< 2mm),  equant-
elongate, from angular to sub-rounded in a calcareous fine clay matrix. The spatial 
distribution of inclusions is quite uniform with good sorting and a packing around 
20%. The inclusions are represented by micritic calcite (equant and elongated, from 
angular to well-rounded, with size ranging from 0.5 to 1.3 mm), sparry calcite (equant 
and elongated, from angular to sub-rounded, with size ranging from 0.5 to 1.3 mm), 
fragments of chert (elongated, angular, with size ranging from 0.4 to 2.0 mm), ARF 
(equant, from sub-angular to rounded, with size around 1.2 mm) and quartz (equant, 
from sub-angular to sub-rounded, whose size ranges from 0.1 to 0.5 mm). Diffuse are 
the iron oxides nodules. With the terms iron oxides or ferriferous nodules are de-
scribed aggregates of iron very common in pastes of archaeological pottery; the au-
thors can referred to them in different way: “aggregates of iron oxides in form of later-
itic pisoids” (Laviano and Muntoni, 2003) or “limonitic nodules” (Szakmany and 
Starnini, 2007). The largely sand inclusions do not show any preferred alignment. The 
groundmass is generally homogeneous with a light-brown color. The samples contain 
meso- and micro-vesicles, rare macro-elongated vughs. They do not exhibit a pre-
ferred alignment parallel to each other and to the margins of the sections. 
Figure 6: Thin section photomicrographs of 
KB.06.E.706/1 sample, representative of Fabric A 





Under the optical microscope, the fragments belonging to the Fabric B-clay pallets 
and fragments of grog are texturally homogeneous and display inclusions of similar 
type, abundance and grain size. The groundmass has a color ranging from red, beige to 
dark brown and is mostly characterized by an optical active portions of the ground-
mass. Pores are generally large in size, containing macro- and mega-elongated vughs, 
less diffuse micro-vesicles. They can exhibit a preferred alignment parallel to each 
other and to the margins of the sections. Inclusions are generally represented by mod-
erately abundant coarse-sized micritic calcite (equant and elongated, from angular to 
sub-rounded, with size ranging from 0.3 to 1.5 mm), sparry calcite (equant and elon-
gated, from angular to sub-rounded, with size between 0.5 and 1.5 mm), iron oxides 
(equant and elongated, from sub-rounded to rounded, with size ranging from 0.3 to 1.0 
mm) and fine quartz (equant, from angular to well-rounded, with size ranging from 0.1 
to 0.05 mm). All these inclusions do not show any preferred alignment. Dark clay pel-
lets (0.3 to 2.2 mm), grog (equant and elongated, from angular to sub-angular, with 
size ranging from 0.5 to 1.0 mm) and ARF (equant, from angular to rounded, with size 
between 0.5 and 2.0 mm) are also present. Clay textural features (TFs) appear to rep-
resent lumps of the base clay used to produce these ceramics. The clay TFs generally 
have neutral optical density and blend into the matrix, but can have a more conspicu-
ous darker, reddish color.  
The third group (Fabric D-crystals of calcite) is represented by a homogeneous fabric 
characterized by equant-elongate, from sub-angular to sub-rounded, medium sand-
sized inclusions in a non-calcareous red-orange colored fine clay matrix, optically ac-
tive. It shows a packing of about 30% and unimodal grain size distribution. The inclu-
sions are mainly represented by coarse-sized micritic calcite (equant and elongated, 
from sub-angular to sub-rounded, with size ranging from 0.3 to 1.0 mm), iron oxides, 
fragments of fossils (equant and elongated, from sub-angular to sub-rounded, with size 
ranging from 0.5 to 1.0 mm) and quartz (equant, from sub-angular to well-rounded, 
with size ranging from 0.1 to 0.8 mm). All these inclusions do not show any preferred 
alignment. The samples contain meso- and macro-elongated vughs that can exhibit a 
preferred alignment parallel to each other and to the margins of the sections.  
Finally, one sample (KB.06.E.702/10) has been considered grouped into the subgroups 
C2 of Fabric C-calcite and clay pallets, with compositional and textural features not 
found in the other samples. It presents equant and elongate, from angular to sub-
rounded medium sand-sized inclusions in percentage around 20%, in an orange-
reddish calcareous fine clay matrix. The clasts are calcite (fine: equant, from rounded 
to well-rounded with size between 0.1 and 0.05 cm and coarse: equant and elongated, 
from angular to sub-angular, with size ranging from 0.3 to 0.5 mm) and quartz 
(equant, from rounded to well-rounded, with size ranging from 0.1 to 0,4 mm) as in-




clusions that do not show any preferred alignment. Iron oxides nodules (equant and 
elongated, sub-rounded, with size ranging from 0.3 to 1.0 mm) have been identified. 
The samples mainly contain mega- macro-vughs and rare meso-vughs that do not ex-
hibit a preferred alignment. 
 
4.2.2 EB IIIA 
The composition of the non-
plastic inclusions, the packing 
and the mean size allow to dis-
tinguish six groups (described 
above, Appendix B) having dif-
ferent petrographic fabrics for 
EB IIIA Khirbet al-Batrawy pot-
teries: Fabric B-clay pallets and 
fragments of grog  B2) 
KB.05.B.146/4 and B3) 
KB.05.B.136/5, KB.05.A.64/13; 
Fabric C-calcite and clay pallets 
C2) KB.05.B.146/7, 
KB.05.B.146/8; Fabric E-fine calcite) KB.05.B.146/6, KB.05.A.58/1, 
KB.05.B.146/24, KB.05.B.126/1, KB.05.B.136/1, KB.06.E.703/3; Fabric F-fossils 
and sedimentary rocks F1) KB.05.B.146/30, KB.06.B.427/1, KB.05.B.146/1, 
KB.05.B.126/3 and F2) KB.05.A.64/1, KB.06.B.376/4, KB.09.B.820.12; Fabric G-
basaltic rocks and fragments of fossils G1) KB.06.E.701/2, KB.05.B.146/3, 
KB.05.B.146/5, KB.05.B.146/15 (Fig. 7) and G2) KB.09.B.820/13, KB.08.B.805/6, 
KB.05.B.110/15, KB.09.B.820.10, KB.05.B.136/3; Fabric H-clay pallets, calcite and 
iron oxides) KB.06.B.167/4, KB.05.A.52/8 and finally, Fabric I-shells) 
KB.06.B.413/2, KB.06.B.146/20.  
These groups have almost the same mineralogical composition. However, the petro-
graphic group (Fabric B-clay pallets and fragments of grog) present mainly mega- 
elongated vughs, diffuse clay pallets and fragments of grog. The microscopic observa-
tion have shown that the pottery samples are characterized by a unimodal grain size 
distribution, with around 10-20% of equant-elongate, from very-angular to sub-
rounded medium sand-sized inclusions. The calcareous clay matrix shows a variable 
color between reddish to brown with active optical behaviour. The grain-size is gener-
ally coarse, with a maximum size of 2.5 mm and the inclusions are composed by mi-
critic calcite (equant and elongated, from angular to sub-rounded, with size ranging 
from 0.1 to 2.5 mm), sparry calcite (equant and elongated, from angular to sub-
Figure 7: Thin section photomicrographs of 
KB.06.E.701/2 sample representative of Fabric G1 (mag 





rounded, with size ranging from 0.5 to 1.5 mm), fragments of marl (equant and elon-
gated, angular, with size ranging from 0.6 to 1.0 mm), iron oxides (equant and elon-
gate, from sub-angular to well-rounded, with size ranging from 0.2 to 1.2 mm), grog 
(equant, from sub-angular to sub-rounded, with size ranging from 1.0 to 2.0 mm), oli-
vine (equant and elongated, well-rounded, ranging from 0.2 to 0.5 mm), quartz 
(equant, from sub-angular to sub-rounded around 0.1 mm). Dark clay pellets (sharp to 
marging boundaries, 0.2-0.8 mm, from rounded to well-rounded, elongated, with in-
cluded quartz crystals and discordant with the matrix) and ARF (equant, from very-
angular to angular, with size ranging from 0.4 to 1.2 mm) are also present. Porosity 
varies from sample to sample and is mainly represented by macro- and mega-vughs 
that exhibit a lightly alignment parallel to each other and to the margins of the sec-
tions.  
The petrographic group (Fabric C-calcite and clay pallets) is an homogeneous group 
with fragments showing similar petrographic features. The inclusions cover the 20% 
of the total and are mainly represented by calcite (micritic and sparry, equant and 
elongated, from angular to sub-rounded, ranging from 0.5 to 2.0 mm), diffuse are 
quartz (equant, sub-rounded, with size around 0.1) and rare olivine (equant, angular 
around 0.5 mm). Fragments of grog (equant, from sub-angular to sub-rounded, with 
size ranging from 01.0 to 2.0 mm with sharp boundaries, prolate and equant with dis-
cordant features. Light brown to light red, composed of clay with quartz) and iron ox-
ides nodules (equant, rounded, with size around 0.8 mm) have been also identified. 
The calcareous matrix presents a heterogeneous colour due to strong core/margin col-
or differentiation, from light red to dark (thickness margin is variable from 0.8 to 1.8 
mm). The pores consist mainly of macro- and mega-vughs, less diffuse meso-vughs no 
aligned to the margin of sample.  
The Fabric E-fine calcite is characterized by fine-grained micritic calcite in a calcare-
ous brown clay matrix optically active. The inclusions are mainly equant, from sub-
angular to well-rounded without any preferred alignment; in general the amount of 
non-plastic inclusions does not exceed 20% of the total volume. Non-plastic inclusions 
are composed of micritic calcite (equant and elongated, from very angular to sub-
rounded, ranging from 0.2 to 0.3 mm), iron oxides (equant and elongate, rounded, 
ranging from 0.1 to 2.1 mm) and quartz (equant, from angular to sub-rounded, ranging 
from 0.1 to 0.5 mm). Porosity is low and the shapes of the voids are usually meso-
vesicles that do not exhibit an alignment parallel to each other and to the margins of 
the sections. 
The petrographic group (Fabric F-fossils and sedimentary rocks) is discriminated on 
the basis of fragments of fossils and sedimentary rocks as inclusions. It can be consid-
ered a homogeneous fabric characterized by equant-elongate, from very-angular to 




well-rounded medium sand-sized inclusions with maximum size of 2.1 mm in a cal-
careous reddish-brown colored fine clay matrix. 
The abundance of inclusions is about 20%, coarse-sized micritic calcite (equant and 
elongated, from very angular to well-rounded, ranging from 0.1 to 0.8 mm), sparry 
calcite (equant and elongated, from very angular to sub-rounded, ranging from 0.2 to 
1.2 mm), fragments of fossils (equant and elongated, from very angular to well-
rounded, ranging from 0.2 to 2.0 mm), iron oxides (equant and elongate, from sub-
angular to rounded, ranging from 0.1 to 2.1 mm), fragments of sedimentary rocks 
(probably marl and chert, equant and elongated, from angular to rounded, ranging 
from 0.3-1.3 mm) and piroxene (equant, very angular around 0.2 mm) as inclusions 
have been identified. The inclusions do not show any preferred alignment. The sam-
ples contain mainly meso-vughs and meso-vesicles that do not exhibit an alignment 
parallel to each other and to the margins of the sections. The clay matrix of the sam-
ples is optically active.  
The petrographic group (Fabric G-basaltic rocks and fragments of fossils) presents 
fragments showing similar petrographic features with dominant inclusions of basaltic 
rocks and fragments of fossils divided into two sub-groups. The ceramics are charac-
terized by the presence of coarse sized inclusions with a packing, ranging between 20 
and 30%. The inclusions are represented by micritic calcite (equant and elongated, 
from very-angular to well-rounded, wih size between 0.2 and 2.1 mm), fragments of 
basaltic rocks (equant, from very-angular to sub-angular from 0.2 to 2.5 mm), frag-
ments of fossils (equant and elongated, very-angular to well-rounded, ranging from 
0.2 to 0.8 mm), olivine (equant and elongated, well-rounded, ranging from 0.2 to 0.5 
mm), fragment of marl (equant and elongated, from angular to rounded, ranging from 
0.5 to 2.5 mm) and quartz (equant, from sub-angular to sub-rounded, with size around 
0.1 mm). In all the samples ferriferous nodules (equant and elongate, from very-
angular to well-rounded, ranging from 0.1 to 3.0 mm) have been often observed in 
variable quantity and size. Clay pallets appear to represent lumps of the base clay used 
to produce these ceramics. The clay TFs ranging from 0.6 to 1.2 mm, generally have 
neutral optical density and blend into the matrix, but can have a more conspicuous 
darker, reddish color.  
Pores are mainly represented by meso-vesicles and meso- and macro-elongated vughs 
that do not exhibit a preferred alignment parallel to each other and to the margins of 
the sections.  
Finally, the Fabric I-shells present 40% of coarse-sized elongated from very-angular 
to angular fragments of fossils with maximum size of 3.0 mm in a calcareous brown 






4.2.3 EB IIIB 
The thin sections of fragments belong-
ing to EB IIIB show similar petro-
graphic features. However they can be 
subdivided into five different fabrics 
(described above, Appendix B) accord-
ing to the grain size and the type of the 
aggregate. Fabric B-clay pallets and 
fragments of grog B3) KB.05.B.111/3, 
KB.05.A.204/3, KB.10.B.1040/8, 
KB.11.B.1124/24, KB.11.B.1128/76; 
Fabric E-fine calcite) 
KB.10.B.1054/21, KB.10.B.1054/22, 
KB.11.B.1124/33, KB.11.B.1128/65; Fabric H-clay pallets, calcite and iron oxides) 
KB.10.B.1054/24, KB.11.B.1124/8, KB.11.B.1124/10;  Fabric L-calcite and micritic 
calcite L2) KB.05.A.204/2, KB.11.B.1054/12; Fabric M-micritic, calcite and sedi-
mentary rocks M1) KB.05.A.46/8, KB.05.A.216/4, KB.06.A.220.5, KB.05.A.224/2, 
KB.10.B.1054/6, KB.10.B.1054/62, KB.11.B.1124/29, KB.11.B.1128/50, 
KB.11.B.1128/1 (Fig. 8) and M2) KB.11.B.1124/3, KB.11.B.1124/15, 
KB.11.B.1128/52, KB.11.B.1128/51, KB.11.B.1224/22, KB.06.A.120/6. Furthermore, 
one sample (KB.11.B.1054/13) can be grouped into the subgroup D2 of Fabric D-
crystals of calcite.  
The subgroup B3 of Fabric B-clay pallets and fragments of grog is characterized by 
fine clay matrix with color ranging from orange, beige to dark brown calcareous con-
taining equant and elongate, from very-angular to sub-rounded medium sand-sized in-
clusions. The non-plastic inclusions are less diffuse rather than those plastic. Between 
non-plastic inclusions calcite (equant and elongated, from angular to sub-rounded, 
with size ranging from 0.1 to 2.0 mm), micritic calcite (equant and elongated, from 
sub-angular to sub-rounded, ranging from 0.1 to 1.5 mm), sparry calcite (equant and 
elongated, from sub-angular to sub-rounded, with size ranging from 0.2 to 0.9 mm), 
fragments of basaltic rocks (equant, sub-angular, with size around 0.5 mm), fragments 
of sedimentary rocks (equant and elongated, from sub-angular to sub-rounded, ranging 
from 0.4 to 1.4 mm) and fine quartz (equant, from angular to well-rounded, ranging 
from 0.1 to 0.3 mm) have been identified. These inclusions do not show any preferred 
alignment. Plastic inclusions are diffuse in thin sections: dark clay pellets (0.3 to 1.0 
mm), grog (equant and elongated, from very-angular to sub-rounded, ranging from 0.1 
to 1.1 mm), and ARF (equant and elongated, from angular to sub-rounded, ranging 
Figure 8: Thin section photomicrographs of 
KB.10.B.1054/6 sample representative of Fabric 
M1 (mag 2.5 x and crossed polarizers). 
 




from 0.5 to 1.8 mm). Clay textural features (TFs) appear to represent lumps of the 
base clay used to produce these ceramics. The clay TFs generally have neutral optical 
density and blend into the matrix, but can have a more conspicuous darker, reddish 
color.  
Iron nodules (equant and elongated, from sub-rounded to well-rounded, with size 
ranging from 0.1 to 0.8 mm) are diffuse in thin section. The samples contain meso- 
and macro-vughs, less diffuse micro-vesicles. They can exhibit a preferred alignment 
parallel to each other and to the edges of the sections. 
The fine-grained sherds of Fabric E-fine calcite contain a low percentage  (10-20%) 
of micritic calcite (equant and elongated, from sub-angular to rounded, ranging from 
0.3 to 2.3 mm) and calcite (equant and elongated, from very-angular to angular, with 
size ranging from 0.2 to 1.9 mm) in a calcareous orange-brown fine clay matrix. Iron 
oxides (equant and elongated, from rounded to well-rounded, ranging from 0.1 to 1.0 
mm), and fine quartz (equant, from angular to sub-angular, ranging from 0.1 to 0.05 
mm) have also been identified.  Dark clay pellets (0.3 to 1.2 mm, neutral optical densi-
ty and blend into the matrix, but can have a more conspicuous darker, reddish color), 
fragments of fossils (equant and elongated, from angular to well-rounded, with size 
ranging from 0.2 to 1.2 mm) and fragments of sedimentary rocks (equant and elongat-
ed, from sub-angular to sub-rounded, ranging from 0.5 to 0.9 mm) are also present. 
The sherds belonging to Fabric H-clay pallets, calcite and iron oxides are mainly 
characterized by the presence of fragments of basaltic rocks (equant, from sub-angular 
to sub-rounded, ranging from 0.2 to 2.0 mm) and fragments of fossils (equant and 
elongated, from angular to well-rounded, with size ranging from 0.2 to 1.0 mm) in a 
calcareous fine matrix with color ranging from red, beige to dark brown.. In the ma-
trix, minor amounts of micritic calcite (equant, from sub-angular to rounded, ranging 
from 0.1 to 1.3 mm), calcite (equant and elongated, from angular to sub-rounded, with 
size ranging from 0.3 to 1.9 mm), iron oxides (equant and elongated, from sub-angular 
to well-rounded, ranging from 0.1 to 1.2 mm) and fine quartz (equant, from angular to 
well-rounded, ranging from 0.1 to 0.05 mm) have also been identified. Dark clay pel-
lets (0.1 to 2.1 mm) and ARF (equant and elongated, from sub-angular to sub-
rounded, ranging from 0.5 to 2.0 mm) are also present. The pores exhibit a preferred 
alignment parallel to each other and to the margins of the sections and are mainly me-
so- and macro-vughs 
The subgroup L2 of Fabric L-calcite and micritic calcite includes samples that are 
characterized by a calcareous brown clayey mass lightly optically active, with micritic 
and sparry calcite inclusions and pores with the shape of vesicles. Large clasts are dif-





Micritic calcite inclusions (equant and elongated, from sub-angular to sub-rounded, 
with size ranging from 0.1 to 1.9 mm), are diffuse in thin section; iron oxides (equant 
and elongated, from rounded to well-rounded, ranging from 0.2 to 0.6 mm) and fine 
quartz (equant, from angular to sub-angular, with size around 0.1 mm) have been iden-
tified in lower amount. Fragments of fossils (equant and elongated, from angular to 
well-rounded, with size ranging from 0.2 to 1.0 mm), fragments of sedimentary rocks 
(equant and elongated, from sub-angular to sub-rounded, ranging from 0.8 to 1.1 mm) 
and fragments of basaltic rocks (equant, sub-angular, with size ranging around 0.6 
mm) are also present. Vesicles are irregular, lens-shaped or elongated, mostly between 
0.1 and 0.2 mm in size.  
The samples with coarse-grained aggregate belonging to Fabric M-micritic, calcite 
and sedimentary rocks are characterized by the presence of poorly sorted coarse cal-
cite grains (micritic calcite, equant and elongated, from angular to sub-rounded, rang-
ing from 0.1 to 2.1 mm; and calcite, equant and elongated, from very-angular to sub-
rounded, ranging from 0.1 to 2.0 mm), randomly distributed in a calcareous fine clay 
matrix with color ranging from beige to brown. 
In the matrix, minor amounts of iron oxides (equant and elongated, from sub-angular 
to well-rounded, with size ranging from 0.1 to 2.0 mm) and fine quartz (equant, from 
angular to sub-rounded, ranging from 0.1 to 0.5 mm) have been also observed. Dark 
clay pellets (0.5 to 1.8 mm), grog (equant, from sub-angular to sub-rounded, ranging 
from 0.4 to 1.0 mm), fragments of fossils (equant and elongated, from angular to well-
rounded, with size between 0.1 and 2.0 mm), fragments of sedimentary rocks (equant 
and elongated, from angular to rounded, ranging from 0.5 to 2.1 mm) and fragments of 
basaltic rocks (equant, from sub-angular to sub-rounded, ranging from 0.5 to 1.2 mm) 
are also present.  
Porosity is represented by macro- and meso-elongated vughs that exhibit a preferred 
alignment parallel to the margins of the sections.  
Finally, one sample (KB.11.B.1054/13) has been grouped into the subgroup D2 of 
Fabric D-crystals of calcite, having different compositional and textural features re-
spect to the others. It presents equant and elongate, from angular to sub-rounded me-
dium sand-sized inclusions in percentage of 20%, in a calcareous fine clay matrix with 
color red-brown. The clasts are represented bycalcite (equant and elongated, from an-
gular to sub-rounded, ranging from 0.5 to 1.1 mm) and quartz (equant, from sub-
angular to sub-rounded, ranging from 0.1 to 2.0 mm) as inclusions that do not show 
any preferred alignment. Fragments of fossils (elongated, from angular to well-
rounded, with size between 0.3 and 2.0 mm) and fragments of sedimentary rocks 
(equant and elongated, from angular to sub-rounded, ranging from 0.5 to 1.0 mm) 
have also been identified. 




The samples contain meso- and macro-irregular vughs and meso-vesicles that do not 
exhibit a preferred alignment parallel. 
 
4.2.4 EB IV 
According to optical microscopy results, all investigated pottery samples could be di-
vided into four groups comparable in terms of non-plastic inclusions, packing and 
means size (described above, Appendix B): Fabric F-fossils and sedimentary rocks) 
KB.05.A.82/4, KB.05.A.96/1, KB.05.5/D200; Fabric G-basaltic rocks and fragments 
of fossils) KB.05.A.18/5 and KB.05.A.34/2; Fabric H-clay pallets, calcite and iron 
oxides) KB.05.A.62/1 and KB.05.B.128/3; Fabric L-calcite and micritic calcite L1) 
KB.05.A.6b/1, KB.05.A.21/27, KB.05.A.8b/3b, KB.05.A.88/1, KB.05.A.98/1, 
KB.06.ø/18 and L2) KB.05.A.68/2 KB.06.A.248/2; Fabric N-clay pallets and rare 
calcite) KB.05.A.84/3, KB.05.A.210/2, KB.05.A.210/4, KB.05.A.216/12, 
KB.06.B.383/7, KB.06.A.256/1 (Fig. 9). Furthermore, one sample (KB.05.A.212/6) 
can be considered as petrographic ‘loner’, having green matrix and low percentage of 
inclusions.   
The Fabric F-fossils and sedi-
mentary rocks is distinguished on 
the basis of the diffuse presence 
of fossils fragments as inclusions. 
The spatial distribution of inclu-
sions is not uniform and the pack-
ing has been estimated ranging 
between 10 and 30% with maxi-
mum size of 2.3 mm. They are 
represented by dominant  frag-
ments of fossils (elongated, sub-
rounded, ranging from 0.5 to 2.3 
mm), micritic calcite (equant and 
elongated, from angular to sub-rounded, with size ranging from 0.2 to 1.5 mm) and 
calcite (equant and elongated, from angular to sub-rounded, ranging from 0.1 to 2.0 
mm). Fine quartz (equant, from angular to rounded, ranging from 0.1 to 0.05 mm) and 
fragments of basaltic rocks (equant, sub-angular, ranging from 0.5 to 0.9 mm) have 
also been observed as inclusions, but in minor amounts. Dark clay pellets (0.5 to 2.2 
mm), ARF (equant and elongated, from angular to sub-rounded, ranging from 0.5 to 
2.0 mm) and feriiferous nodules (equant and elongated, from sub-rounded to rounded, 
ranging from 0.2 to 1.9 mm) have been identified in thin section. The groundmass is 
optically active with a color ranging from beige to brown-red. The pores are irregular 
Figure 9: Thin section photomicrographs of 
KB.05.A.210/4 sample representative of Fabric N (mag 





and mainly represented by meso- and macro-elongated vughs, meso- and micro-
vesicles that exhibit a lightly preferred alignment parallel to the margins of the sec-
tions.  
The Fabric G-basaltic rocks and fragments of fossils is characterized by coarse inclu-
sions in a beige-brown calcareous matrix. The inclusions are mainly represented by 
calcite (micritic and sparry, equant and elongated, from angular to sub-rounded, rang-
ing from 0.2 to 1.5 mm) and diffuse quartz (equant, sub-angular to sub-rounded 
around 0.3-1.9). Iron oxides nodules (equant, from sub-rounded to rounded, 0.3-1.9 
mm) have been also identified. The calcareous matrix presents a heterogeneous colour 
from beige-reddish to dark-brown with diffuse clay pallets (sharp to marging bounda-
ries, 0.8-1.2 mm, rounded, equant and concordant with the matrix). The pores consist 
mainly of meso-vesicles, rare meso-vughs, not aligned to margin of sample.  
Microscopic analysis indicated that the fragments were homogeneous from a petro-
graphic point of view and therefore they are grouped in the Fabric H-clay pallets, cal-
cite and iron oxides. These samples are characterized by homogeneous and optically 
active groundmass with color ranging from beige to brown. Pores are mainly repre-
sented by meso- and macro/mega-elongated vughs, meso-vesicles and rare micro-
vesicles that exhibit a preferred alignment parallel to each other or to the margins of 
the sections.  
Inclusions are diffuse in a percentage between 10 and 30%, with maximum size of 2.5 
mm. They are composed mainly by fragments of fossils (elongated, sub-rounded, 
ranging from 0.3 to 1.8 mm) and fragments of basaltic rocks (equant, from angular to 
sub-angular, ranging from 0.5 to 2.5 mm). Micritic calcite (equant and elongated, from 
angular to well-rounded, ranging from 0.2 to 2.0 mm), sparry calcite (equant and 
elongated, from angular to sub-rounded, with size ranging from 0.2 to 1.3 mm), iron 
oxides (equant, from sub-rounded to well-rounded, ranging from 0.2 to 1.9 mm) and 
fine quartz (equant, from sub-angular to sub-rounded, ranging from 0.1 to 0.05 mm) 
have been also identified, in minor amount. Samples contain also argillaceous inclu-
sions as clay pallets (neutral optical density and blend into the matrix, with a more 
conspicuous darker, reddish color). 
The samples that belong to Fabric L-calcite and micritic calcite present the same pet-
rographic features, characterized by moderately sorted non-plastic inclusions with the 
prevailing size falling into the classes of coarse-sand. Calcite (equant and elongated, 
from angular to sub-rounded, ranging from 0.1 to 2.2 mm) micritic calcite (equant and 
elongated, from angular to sub-rounded, with size ranging from 0.1 to 2.0 mm), sparry 
calcite (equant and elongated, from angular to sub-rounded, ranging from 0.1 to 1.5 
mm) are definitely the main mineralogical constituent. Iron nodules (equant and elon-
gated, from sub-angular to well-rounded, ranging from 0.1 to 1.0 mm), fine quartz 




(equant, from angular to sub-rounded, ranging from 0.1 to 0.05 mm) dark clay pellets 
(0.1 to 1.0 mm), grog (equant and elongated, from sub-angular to sub-rounded, rang-
ing from 1.0 to 1.1 mm), fragments of fossils (equant and elongated, from angular to 
sub-rounded, ranging from 0.1 to 2.0 mm) and ARF (equant, from angular to sub-
rounded, ranging from 0.5 to 1.0 mm) are also present, but in much smaller quantities. 
The packing of these sand inclusions generally ranges between 20 and 30% and the 
groundmass is optically active. Another textural feature characteristic of Fabric L-
calcite and micritic calcite samples is the presence of pores with irregular shape, con-
sisting mainly of meso- and macro-vesicles and meso- or macro-elongated vughs that 
do not exhibit a preferred alignment parallel to the margins of the sections.  
The petrographic group Fabric N-clay pallets and rare calcite includes samples char-
acterized by mega- elongated-vughs and diffuse clay pallets, and fragments of grog. 
The spatial distribution of inclusions is variable with a packing ranging between 10 
and 30%. The inclusions are represented mainly by the plastic ones as dark clay pel-
lets (0.1 to 1.0 mm), grog (equant, from sub-angular to sub-rounded, ranging from 0.5 
to 1.0 mm), and ARF (equant and elongated, from angular to sub-rounded, ranging 
from 0.3 to 1.3 mm). Fragments of fossils (elongated, from angular to sub-angular, 
with size ranging from 0.5 to 2.0 mm), fragments of basaltic rocks (equant, from angu-
lar to sub-angular, ranging from 0.2 to 1.0 mm), fragments of sedimentary rocks 
(equant and elongated, from sub-angular to sub-rounded, ranging from 1.0 to 2.0 mm) 
are also present but in small amounts. Calcite (equant and elongated, from angular to 
sub-rounded, ranging from 0.7 to 2.0 mm), micritic calcite (equant and elongated, 
from angular to rounded, ranging from 0.2 to 2.2 mm), sparry calcite (equant and 
elongated, from angular to sub-rounded, with size ranging from 0.2 to 0.9 mm), iron 
oxides (equant, from sub-rounded to well-rounded, ranging from 0.2 to 1.2 mm) and 
fine quartz (equant, from angular to sub-rounded, ranging from 0.1 to 0.05 mm) have 
been observed in accessory quantities. The groundmass is generally heterogeneous 
with a variable color ranging from red to beige-grayish. Fragments present a high po-
rosity mainly represented by large-sized vughs (meso- and macro-) and rare meso-
vesicles showing a preferred alignment parallel to each other or to the margins of the 
sections. 
Finally, one sample (KB.05.A.212/6) has been considered as petrographic ‘loner’ not 
showing similar features respect the other samples. It shows equant and elongate, from 
angular to sub-rounded medium sand-sized inclusions in low percentage (5%), in a 
calcareous fine clay matrix with beige-green color. There is a medium abundance of 
coarse-sized micritic calcite (elongated, from sub-angular to sub-rounded, ranging 
from 0.6 to 1.8 mm), iron oxides (equant and elongated, from sub-rounded to well-





angular, ranging from 0.1 to 0.05 mm) as inclusions that do not show any preferred 
alignment. Fragments of grog (equant and elongated, from angular to sub-rounded, 
with size ranging from 1.0 to 1.5 mm) are also present. 
The samples contain macro-vughs that exhibit a lightly preferred alignment parallel to 
each other or to the margins of the sections. The clay matrix of the samples is not opti-
cally active.  
  
 
Table 6: Summary describing the features of different petrographic groups. 
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sub-rounded 
dominant micritic calcite, 
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ranging from red, 
beige to dark 
brown.. color rang-
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maximum size of 
2.5 mm. 
fragments of basaltic rocks 
fragments of fossils minor 
amounts of micritic calcite 
calcite fine quartz 
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quartz 
less dffuse iron 
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and rare meso-vesicles 
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in small amounts fragments 
of fossils, fragments of ba-
saltic rocks, fragments of 
sedimentary rocks, accessory 
quantities calcite, micritic 
calcite, sparry calcite and 
rare fine quartz 
dominant clay pal-
lets and iron ox-
ides, rare frag-






Table 7: Grouping results divided into the four periods of Batrawy urbanization. The samples are identified by the last part of the acronym, and the pottery 
productions are indicated by different colors: Simple Ware = blue; Storage Ware = green; Red Burnished and Red Polished Ware = red; Simple Painted 
Ware = violet; Metallic Ware = orange; Kitchen Ware = gray; Khirbet Kerak Ware = black.   
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4.3 Micro-Raman Spectroscopy analysis 
Macroscopic samples and thin sections have been analyzed by mean of micro-Raman 
spectroscopy, a non-destructive technique, with the aim to investigate the mineralogi-
cal assemblage of Khirbet al-Batrawy pottery.  
Recently, this methodology is becoming increasingly important in cultural heritage 
studies because the measurement can be performed without damage of the artifacts 
and gives exhaustive results compared with those obtained by other traditional de-
structive techniques.  
The widespread use of micro-Raman spectroscopy is due to the possibility to identify 
minerals in a selected spot due to its excellent spatial resolution and, therefore provid-
ing information about the presence of different crystalline and amorphous phases, as 
well as distinguishing between polymorphs on the basis of their vibrational Raman 
spectra (Bartholomew, 2013).  
Furthermore, micro-Raman spectroscopy results can help in the definition of manufac-
turing processes (i.e. temperature and firing atmosphere) as well as provide infor-
mation on the provenance of the raw material. 
Here are discussed the results of the application of Raman spectroscopy on the inclu-
sions of the Jordan potteries as the matrix has not given information due to its high 
fluorescence.  
  
4.3.1 EB II 
Micro-Raman spectra indicate the 
diffuse presence of calcite [CaCO3], 
quartz [SiO2], hematite [α-Fe2O3]. 
Less widespread, apatite 
[Ca5(PO4)3[F, OH, Cl]], magnetite [α-
Fe3O4], gypsum [CaSO4∙2H2O], il-
menite [FeTiO3], bassanite 
[CaSO4∙0.5H2O], barite [BaSO4], 
feldspar [K-feldspar (KAlSi3O8)], and 
two different polymorphs of titanium 
dioxide (anatase and rutile [TiO2]) 
have also been observed in the sherds 
(Fig. 10). The presence of carbon as 
tempering is diffuse in the analyzed 
samples (Table 8).  
 
 
Figure 10: Raman spectra of the main mineralogical 
components found in the analyzed sherds (a.u. = ar-
bitrary units); calcite (KB.06.B.392/8), quartz 







Calcite has been identified in all sample as the most abundant mineral phase. The Ra-
man spectrum is characterized by a strong band at 1086 cm
-1 
connected to the symmet-
ric stretching v1 of CO3 group, by another band at 712 cm
-1 
due to the in-plane bending 
v4 of CO3
2-
 ions and another weak peak at 281 cm
-1
and at  155 cm
-1
 due to the lattice 
vibration modes.  
OXIDES and HYDROXIDES  
In all the sherds, hematite and magnetite have been identified.  






 are due to the O-Fe-O 
bending vibrations, whereas the peak at 612 cm
-1 
is due to the stretching mode of Fe-
O. Magnetite, characterized by a strong band at 660 cm
-1 
as reported in the literature 
(De Faria et al., 1997), has also been found. This is the only band clearly associated to 
magnetite in a range between 661 to 671 cm
-1
 and the observed variation could be due 
to different local temperatures induced in different measurements. Hematite and mag-
netite are usually coupled in the Raman spectra and a rather strong band at 670-680 
cm
-1
 has been frequently observed in the hematite spectrum as a result of a common 
natural phenomenon called martitization, 
i.e. the transformation of magnetite to 
hematite (Ramdohr, 1969; De Faria et 
al., 1997; Baratto et al., 1998; Bersani et 
al., 1999; Lofrumento et al., 2004).  
The structure of magnetite is similar to 
the inverse spinel structure described by 







)O4). Eight Y cations (Y=Fe
3+
) oc-
cupy eight octahedral sites and eight oc-
cupy tetrahedral sites, while X cations 
(X=Fe
2+
) occupy eight octahedral sites. 
Magnetite can also contain high percent-
age of Mg and Mn that replace Fe
2+
 and 




 that replace Fe
3+
. 
Ilmenite, belonging to the hematite 




 and in the Raman spectrum is easily differentiates 
from that of magnetite for a shift of main band at 680-690 cm
-1
. 
The two different polymorphs of titanium dioxide rutile and anatase have been easily 
differentiated on the basis of on their Raman spectra (Fig. 11). Indeed, the high-
temperature polymorph, rutile, is characterized by two bands at about 477 and 610 cm
-
1
, whereas the low-temperature anatase form is characterized by a very strong band at 
Figure 11: Representative Raman spectra of the 
polymorphs of titanium dioxide present in the 
sherds (a.u. = arbitrary units); rutile 
(KB.06.E.706/1) and anatase (KB.06.E.703/6). 






and three other medium intensity bands at 396, 515 and 639 cm
-1
 (Murad, 
1997; Bersani et al., 1998; Bersani et al., 2000; Schroeder, 2003; Sendova et al., 
2005). 
SULFATES 
In addition to other minerals, the pottery samples from Khirbet al-Batrawy also con-
tain gypsum, bassanite and barite. 
Gypsum is characterized by a strong band at 1008 cm
-1
 due to the symmetric stretch-
ing mode of SO4
2-
 and a medium band at 415 cm
-1 
related to sulfate vibrational mode 
v2 (Edwards et al., 1999). 
Bassanite is characterized by the main band shift at 1010-1012 cm
-1
 whereas barite has 




In some samples, apatite is also found with a band observed at about  961 cm
-1
  due to 
the phosphate symmetric vibration. The apatite-group includes fluoroapatite, hydroxy-
apatite and chlorapatite having as dominant ions F-, OH- and Cl- respectively. The 
Raman spectra of different phosphates could be distinguished on the basis of the lower 
intensity vibration modes in the ranges 260-400 cm
-1
 and 3510-3650 cm
-1
 (Penel et al., 
1997; Wei et al., 2003). However, in the case of pottery from Khirbet al-Batrawy only 
the peak at 961 cm
-1
 could be detected preventing the possibility to define the type of 
phosphates.  
SILICATES 
Quartz is the most diffuse silicate mineral in all samples from EB IIA phase. It can be 
easily identified by a strong band at 465 cm
-1
 due to the symmetric stretching vibration 
modes of SiO4 tetrahedra, a medium band at 207 cm
-1
 due to lattice distortion, and a 
weak bands at 356 cm
-1
 due to asymmetric bending modes of Si tetrahedra (Sendova 
et al., 2005).  
Only one sample has revealed the presence of feldspar, with a typical two-peaked fea-
ture around 500 cm
-1
. In particular, the spectrum shows the typical K-feldspar strong 
band at 513-514 cm
-1 
due to the Ag vibrational mode, but fluorescence does not permit 
to observe other additional peaks useful to identify the different kind of K-feldspar 
(Mernagh, 1991).  
ORGANIC MATERIAL 
Carbon occurs as inhomogeneous distributed phase on the surface of the Khirbet al-
Batrawy pottery sherds and it has been found in two different forms: amorphous and 
graphite. The typical amorphous carbon spectrum is characterized by two broad bands 
at 1370 and 1590 cm
-1 
(Fig. 12), whereas the graphite spectrum presents sharp peaks at 
1331 and 1581 cm
-1 





The bands at 1370 cm
-1
 and 1590 cm
-1
 
are called respectively “G band”, due to 
the stretching vibrations of the well-
ordered polyaromatic rings in the planar 
graphite structure, and the “D band” due 
to the in-plane defects and the presence 
of heteroatoms. The intensity of G band 
is the only feature visible in well-
crystalline mineral graphite and it is 
connected with the crystalline order of 
mineral. Instead, the D band grows as 
the particle size of the carbonaceous ma-
terial decreases and as the degree of dis-
ordered increases (Smith, 2004). The 
spectra collected show the presence of amorphous carbon, only in rare case a little bit 
more ordered. 
 
Table 8: Mineralogical phases detected by micro-Raman spectroscopy in macroscopic samples (c) and in 
thin section (s) of EB II samples.  






















































































































KB.06.B.392/8 c s c s               c     c s 
KB.06.E.703/6 s s     c s   c   s   c   c s 
KB.06.E.703/5 c s s   c s         c c c c s 
KB.06.E.702/10 c s c s s c s c s   c s     c c s   c s 
KB.06.E.704/1 c s c s c         s     c s   c s 
KB.06.E.704/6 c s c s s              s c   c 
KB.06.E.706/2 c s c         c s     c s   c 
KB.06.E.706/1 c s s       c     c   c   c s 
 
4.3.2 EB IIIA 
Micro-Raman spectra show diffuse presence of calcite, quartz, hematite and magnet-
ite. Less widespread goethite [FeO(OH)], ilmenite, anatase, rutile, corundum [Al2O3], 
gypsum, barite, apatite, K-feldspar, diopside [CaMgSi2O6]/hedenbergite (CaFeSi2O6)], 
Figure 12: Representative Raman spectra of 
amorphous carbon detected in the 
KB.06.B.392/8 sample. 




forsterite [Mg2SiO4], albite 
[NaAlSi3O8], anorthite [CaAl2Si2O8],  
zircone and lazurite have also been 
observed in the sherds. The presence 
of carbon as tempering is diffuse in 
the analyzed samples (Table 9 and 
Table 10).  
OXIDES and HYDROXIDES  
Goethite has been found only in one 
sample (KB.09.B.820/12, Fig. 13), 
whereas the aluminum oxide corun-
dum in other three samples 
(KB.05.B.146/8, KB.05.B.146/24, 
KB.06.E.703/3). 
According to De Faria and Lopes (2007), goethite is identified by the strong Raman 
bands at 385 and 299  cm
-1
 and weak bands at 243, 479 and 550 cm
-1 
which may be 
related to the presence of OH groups in the crystal structure (Thierry et al., 1988). 
Goethite, the most stable and common iron oxy-hydroxide, is formed in oxidizing 
conditions as a product of the alteration process of iron rich minerals. 
The Raman spectrum of corundum has been discussed by Porto and Krishnan (1967) 
being characterized by seven Raman active phonon modes at frequencies 378, 416, 




Some samples have revealed the 
presence of plagioclases with the 
strong band between 500 and 510 cm
-
1
 due to the characteristic Ag vibra-
tional mode, and a second intense 
band in the range 478-488 cm
-1
 
(Mernagh, 1991). In particular, albite 
has been detected by the occurrence 
of the strong main peak at about 507 
cm
-1
 at low temperature and 510 cm
-1
 
at high temperature. Anorthite has 









peak has been assigned in different ways. According to Omori (1971), it represents the 
Figure 13: Representative Raman spectra of the iron 
oxy-hydroxide goethite present in the KB.09.B.820/12 
sample. 
Figure 14: Representative  Raman spectra of the diop-





Si-O-Si bending mode due to non-bridging oxygen, whereas according to Tomisaka 
and Iishi (1980) and Furukara et al. (1981) it would represent a mixed stretching bend-
ing mode of the Si-O-Si bridging bond. The triple peak at  321, 352 e 385 cm
-1 
which 
involves Ca-O or Mg-O stretching (Richet et al., 1998) has been also detected. 
Databases used recognized the spectrum as an intermediate augite term intermediate 
between diopside and hedenbergite. Indeed, it is difficult to discriminate augite and 
diopside as their frequencies are very close.  
Minerals belonging to the group of olivine have been identified only in few samples. 
The lattice modes between 330 and 435 cm
-1 
in forsterite is assigned to SiO4 rotations. 
The modes from 300 to 390 cm
-1
 that showed the greatest variation with composition 
or showed signs of two-mode behavior in the olivine are assigned as M2 translations. 
The SiO4 internal stretching and bending modes were assigned to the highest frequen-
cies; they vary little from forsterite to fayalite and appear to depend more on cation 
mass than volume. In particular, fayalite is characterized by peaks at 813 e 843 cm
-1
, 




The bands at 975 and 1008 cm
-1
, due to Si–O stretching, those at 269 and 439 cm-1 due 
to Si–O bending and others modes at 393, 355, 225, 214 and 202 cm-1 identifies zircon 
(Zhang et al., 2000).  
Lazurite has also been identified, the spectrum is characterized by a strong peak at 548 
cm
-1
 due to the stretching symmetric mode of the ion S3
-
 (Catalano et al., 2007). 
 
Table 9: Mineralogical phases detected by micro-Raman spectroscopy in macroscopic samples (c) and in 
thin section (s) of EB IIIA samples. 











































































































































































KB.05.A.52/8 c s c s c s s       c   c c c s c c s c c        
KB.05.A.58/1 s c s c   c s           c                
KB.05.A.64/13 c c c   c      c   c c     c         c 
KB.05.A.64/1 c s c s   s   c       c c c c s c   c       
KB.05.B.110/15 c s c s s c             c s c   c   c       
KB.05.B.126/1 c s s s               c                c 
KB.05.B.126/3 c c               c c               c 
KB.05.B.126/4  s  s c s             s  c c s   s  s        c 





















































































































































KB.05.B.136/1 c c                 c                 
KB.05.B.136/3 c s c s s c               c   c   c     c 
KB.05.B.136/5 c s c s           c c   c         c      c 
KB.05.B.146/1 c s s                 c               c s 
KB.05.B.146/3 c c s c s               c                
KB.05.B.146/4 c s s                                  
KB.05.B.146/5 s c s c s   c   c c   c c   c       c c 
KB.05.B.146/6  c s     c           c s             c   
KB.05.B.146/7 s c s s                               c 
KB.05.B.146/8 c c     c    c       c               c 
KB.05.B.146/15 c c c         c    c   c       c       
KB.05.B.146/20 c s c s                                 c 
KB.05.B.146/24 c c          c  c     c         c  c     
KB.05.B.146/30 c s c s c s c             c               s 
KB.06.B.167/4   c c                 c   c   c       
KB.06.B.376/4   c s s         c   s s                 
KB.06.B.413/2 c c           c                     c 
KB.06.E.701/2 c s c s                 c                 
KB.06.E.703/3   s c       c       c                 
 
Table 10: Mineralogical phases detected by micro-Raman spectroscopy in macroscopic samples (c) and 
in thin section (s) of KKW samples. 
















































































































KB.06.B.427/1 c     c  c    c 
KB.08.B.805/6 c  c    c     c 
KB.09.B.820/10 c  c s      c   c s 
KB.09.B.820/12 c c      c    c 
KB.09.B.820/13 c s  s s s c   s s s c s 
KB.08.B.805/32 c           c 






4.3.3 EB IIIB 
The occurrence of calcite, quartz, hematite, magnetite and ilmenite has been shown by 
micro-Raman spectra. Less frequently, anatase, rutile, corundum, gypsum, apatite, K-
feldspar, diopside/augite, fayalite/forsterite and zircon have also been detected in the 
sherds. Also carbon as tempering is frequently found in the analyzed samples (Table 
11). 
 
Table 11: Mineralogical phases detected by micro-Raman spectroscopy in macroscopic samples (c) and 
































































































































































KB.05.A.46/2 c c c          c   c 
KB.05.A.46/8 c c c       c c     c 
KB.05.A.204/2 c s  s        c s     c s 
KB.05.A.204/3 c     c       c   c 
KB.05.A.216/4 c c      c c  c     c 
KB.05.A.220/5 c c              c 
KB.05.A.224/2 c c              c 
KB.06.A.120/6 c s c s         s     s 
KB.05.B.111/3 s c s s S   c s         c 
KB.10.B.1040/8 c c c        c    c c 
KB.11.B.1054/2 c c c     c c   c    c 
KB.10.B.1054/6 c c c        c     c 
KB.11.B.1054/12 c c c     c c  c     c 
KB.11.B.1054/13 c c         c  c   c 
KB.10.B.1054/21 c s c s c  c      c   c  c s 
KB.10.B.1054/22 c c c             c 
KB.10.B.1054/24 c s c s s S       c     s 
KB.10.B.1054/62 c s c s s      c   c      
KB.11.B.1124/1 c c c    c    c c    c 
KB.11.B.1124/3 c s s s S c s      c s     s 
KB.11.B.1124/10 c c c   c  c    c  c  c 
KB.11.B.1124/15 c s s    c     c s    c s 
KB.11.B.1124/19 c c              c 



































































































































































KB.11.B.1124/22 c               c 
KB.11.B.1124/24 c c         c     c 
KB.11.B.1124/28 c c c  c   c c  c     c 
KB.11.B.1124/29 c s c              c s 
KB.11.B.1124/33 c s               c s 
KB.11.B.1124/8 c s c s s S c           s 
KB.11.B.1128/76 c c         c     c 
KB.11.B.1128/1 c c c   c  c c  c     c 
KB.11.B.1128/50 c s s  S s   c c  c s     c s 
KB.11.B.1128/51 c s c      c s c  s     c s 
KB.11.B.1128/52 c c c     c c c c     c 
KB.11.B.1128/65 c s c s   c s  c   c s      
 
4.3.4 EB IV 
Micro-Raman spectra indicate diffuse presence of calcite, quartz, hematite, magnetite 
and ilmenite. Less frequently, anatase, rutile, corundum, lepidocrocite [γ-FeO(OH)], 
gypsum, apatite, K-feldspar, diopside/augite, fayalite/fosterite, aegirine [NaFe
3+
Si2O6], 
zircon have been also observed in the sherds. The presence of carbon as tempering is 
diffuse in the majority of the analyzed samples (Table 12).  
OXIDES and HYDROXIDES  
Sample KB.05.A.62/2 is characterized by the occurrence of lepidocrocite, a poly-
morph of goethite, with the Raman peaks at 252, 379 and 530 cm
-1
 according to Bou-
chard and Smith (2003). The Raman bands of lepidocrocite are well established in lit-
erature, even if some differences have been observed. For example: 1303, 650, 522, 
493, 373, 245 cm
-1
 (De Faria et al. 1997); 393, 257 cm
-1
 (Johnston, 1990); 380, 252 
cm
-1
 (Thibeau et al., 1978); 376, 250 cm
-1
 (Williams et al., 1996). 
SILICATES 
Five samples show the occurrence of aegirine, a pyroxene characterized by the main 
peaks at 216, 348, 386, 546, 973 and 1043 cm
-1
. The bands are classified into four re-
gions: the bands between 800-1200 cm
-1 





lated to the non-bridged Si–O bonds in the SiO4 tetrahedra; the bands in the range 650-
800 cm
-1
 are mainly attributed to the vibrations related to the bridged Si–O–Si vibra-
tions within the Si2O6 chains (McMillan, 1984; Mysen, 1990); the Si–O bending bands 
of SiO4 tetrahedra are mainly located between 425-650 cm
-1
 (Redhammer and Roth, 
2002); the bands in the range 50-425 cm
-1
 are mainly due to lattice vibration bands 
(Zhang et al., 2002). 
 
Table 12: Mineralogical phases detected by micro-Raman spectroscopy in macroscopic samples (c) and 



















































































































































































c s c 







KB.05.A.21/27 s c s c 
 
      s c s c s c c  c 
 
s c 





KB.05.A.62/1 s c s c s c c     s c 
 





KB.05.A.62/2 c  c     c  
 
c       

















KB.05.A.8b/3b s c s 
 







KB.05.A.88/1a s c s c s C c    c 
 
c c c s c 
  
c 




c  c 
 
s c 
KB.05.A.96/1 s c c 
 














KB.05.A.210/2 s s c 
 














KB.05.A.212/6 s c s c 
 














KB.05.B.128/3 s c s c 
 







KB.06.A.248/2 c c 
 







KB.06.A.256/1 c c 
 














KB.06.B.383/7 c s c s C   s c  c 
 









The results of this section are reported in the article: 
Medeghini L., Mignardi S., De Vito C., Bersani D., Lottici P.P., Turetta M., Costantini J., Bacchini E., Sala M., Nigro 
L. (2013): The key role of micro-Raman spectroscopy in the study of ancient pottery: the case of pre-classical Jordani-





4.4 FTIR analysis  
FTIR analysis has been carried 
out to characterize the mineralog-
ical composition of both the in-
clusions and the components of 
the matrix of the pottery.  
The main advantages of FTIR ab-
sorbance measurements is the 
high sensibility that permits the 
detection of many components, 
also when they are present in low 
amounts in the ceramic sample. 
However, the bulk matrix strong-
ly contributes to the absorbance 
spectral profile making it difficult 
to identify pigments (Barilaro et 
al., 2005). 
FTIR spectra show the bands usually attributed to minerals, and for their identifica-
tions the range <2000 cm
-1
 is usually considered, whereas the presence or absence of 
organic components is investigated by the study of the range >2000 cm
-1
. The assign-
ment of the bands has been made on the basis of the characteristic IR wavenumbers of 
the minerals (Gadsen, 1975; De Benedetto et al., 2002; Barilaro et al., 2005; De 
Benedetto et al., 2005), following in particular the work of De Benedetto et al. (2002) 
who reported the results of IR spectroscopic analysis of ancient potteries. 
 
4.4.1 EB II 
FTIR spectra show diffuse occurrence of carbonates and silicates in all the analyzed 
sherds. The relative amounts are extremely variable in the different samples as shown 
by the intensity of the peak due to Si-O stretching at about 1060 cm
-1
 and the band at 
about 1430 cm
-1
 due to CO3
2-
 vibration frequencies.  
Figure 15 shows the difference in silicates and carbonates amount observed, for ex-
ample, in the FT-IR spectra of the archaeological samples KB.06.E.704/1 and 
KB.06.E.706/1.  
The mineralogical phases of the ceramic body are mainly represented by quartz, cal-
cite and minor amounts of illite. K-feldspar, hematite, magnetite gypsum and albite 
have also been identified only in some samples. Table 13 lists the mineralogical phas-
es identified in the samples and their abundances estimated on the basis of the peaks 
intensity.  
Figure 15: FTIR spectra of the samples KB.06.E.704/1 
and KB.06.E.706/1 showing the difference in silicates 
and carbonates content. 




The absorption peaks at 
1425, 877 and 714 cm
-1 
are 
attributed to calcite. The 
presence of quartz in all in-
vestigated samples is marked 
by the main Si-O stretching 
band at 1080 cm
-1
, the peaks 
at 695 and 512 cm
-1 
and the 
distinctive doublet at 797 
cm
-1 
due to Si-O bending and 
at 778 cm
-1 
due to Si-O-Si 
stretching (Farmer, 1974; 
Legodi and de Waal, 2007). 
Illite was identified by peaks 
at 1032 and 989 cm
-1 
and by 
the characteristic main 
modes at 460 and 430 cm
-1
 
that discriminate it from muscovite (Fig. 16).  
The absorption bands in the region 1100-900 cm
-1 
are due mostly to bond stretching 
vibrations of the SiO2 belonging to K-feldspar (absorption peaks at about 1120, 1000, 
580, 530 and 460 cm
-1
). Hematite is identified by the absorption band at 540 cm
-1
 due 
to one of the two Eu modes that involves the oxygen atoms whose displacement is axi-
al with respect to a tetrahedron of Fe ions. A second peak at 470 cm
-1 
is present and 
can be ascribed mainly to an Eu mode displacement (Sabbatini et al., 2000). 
Gypsum (1147, 1005 and 607 cm
-1
), magnetite (578 cm
-1
) and albite (1096, 723 cm
-1
) 
have also been identified in the studied pottery. 
The bands located over 2000 cm
-1 
are due to the organic components in the archaeo-
logical samples. The two peaks at 2852 and 2922 cm
-1
 belong to the C-H stretching 
vibrations, indicating the presence of organic material.  
A broad band at 3440 cm
-1
 due to O-H stretching (Legodi and de Waal, 2007) and 
bands at about 1630 cm
-1
 due to H-O-H bending are assigned to water, most probably 
originating from hydration of oxides in the ceramic body during the burial period. The 
presence of clay minerals contributes to the intensity of the hydroxyl stretching band 
at 3440 cm
-1






Figure 16: FTIR spectra of the sample KB.06.E.704/1 containing 





 Table 13: Mineralogical phases detected by FTIR spectroscopy of EB II samples. 
  Calcite Quartz K-Feldspar Albite Gypsum Hematite Magnetite Illite Anorthite Diopside 
KB.06.B.392 /8 +++ ++ tr - - tr tr tr - - 
KB.06.E.702/10 + +++ tr - - - tr tr - - 
KB.06.E.703/5 ++ +++ - tr - - tr tr - - 
KB.06.E.703/6 +++ ++ tr tr ++ - tr tr - - 
KB.06.E.704/1 + +++ tr - - - - tr - - 
KB.06.E.704/6 ++ +++ tr - - - tr tr - - 
KB.06.E.706/2 +++ ++ + - + tr tr tr - - 
KB.06.E.706/1 +++ ++ tr - tr - tr tr - - 
 
4.4.2 EB IIIA 
FTIR spectra collected 
from the analyzed sherds 
belonging to EB IIIA 
show similar feature 
(except for the sample 
KB.05.B.146/5) with a 
greater amount of sili-
cates than carbonates 
(Fig. 17). On the contra-
ry, the subgroup KKW 
presents fragments 
showing spectra with a 
greater amounts of car-
bonates than silicates.  
FTIR spectra show 
mainly the presence of 
quartz and traces of il-
lite. Only in a few sam-
ples gypsum, magnetite, K-feldspar, hematite, magnetite, anorthite (1095, 948, 760, 
733, 669, 571, 482 cm
-1
), albite and pyroxene diopside (1074, 962, 920, 870, 669, 630, 
508, 471 cm
-1
), have also been identified. Table 14 reports the mineralogical composi-
tion of the analyzed samples with the relative abundances of the mineral phases esti-
mated on the basis of the position and intensity of the peaks. 
Sample KB.05.B.146/5 shows a different mineralogical composition compared to the 
other pottery fragments. Indeed, it is characterized by a very high content of gypsum.  
 
Figure 17: FTIR spectra of the sample KB.05.A.64/1 containing Ill (il-
lite), Qz (quartz), Cc (calcite), An (Anorthite) and Em (Hematite). 




Table 14:  Mineralogical phases detected by FTIR spectroscopy of EB IIIA samples. 
  Calcite Quartz K-Feldspar Albite Gypsum Hematite Illite Anorthite Diopside 
KB.05.A.58/1 + +++ - - - - - + + 
KB.05.A.64/1 ++ +++ - - - tr + tr - 
KB.05.B.126/1 +++ ++ tr - Tr - tr - - 
KB.05.B.126/3 +++ ++ tr - Tr - tr - - 
KB.05.B.136/3 ++ +++ tr - - - tr tr tr 
KB.05.B.146/1 +++ ++ tr - Tr - tr - - 
KB.05.B.146/5 + + - + +++ - - - + 
KB.05.B.146/7 +++ ++ - + - - - + + 
KB.05.B.146/15 ++ ++ + +++ - - tr +++ ++ 
KB.05.B.146/24 +++ + - tr - - - + + 
KB.06.B.167/4 + +++ - + - - tr tr + 
KB.06.B.413/2 +++ ++ - - tr - tr - - 
KB.06.E.701/2 + +++ - tr - - tr tr tr 
KB.06.E.703/3 + +++ tr - tr - tr - - 
KB.08.B.805/6 +++ ++ - - tr tr - - - 
KB.09.B.820/10 +++ ++ tr - - - tr - tr 
KB.09.B.820/12 +++ ++ tr tr - - tr - - 
KB.09.B.820/13 +++ ++ tr - - - tr - - 
KB.08.B.805/34 +++ ++ - - - - tr - - 
 
This result can be probably due 
to the sampling that had mainly 
collected the superficial area of 
the ceramic fragment. The 
black superficial layer in the 
samples belonging to KKW 
has also been investigated by 
FTIR analysis. The results ob-
tained for sample 
KB.09.B.820/10 have been 
here reported as an example 
(Fig. 18). The region between 
4000 to 2500 cm
-1
 is the range 
of X-H stretching where is evi-
dent the band at about 3400 
Figure 18: FTIR spectra of the sample KB.09.B.820/10 showing 












are related to C-H stretching vibrations indicating the pres-





have also been attributed to C-H stretching (methyl group). However, 
the weak intensity of the peaks prevents some identification of this kind of organic 
material. Finally, in the range 2500-2000 cm
-1
 is well evident the doublet of CO2. 
 
4.4.3 EB IIIB 
The absorption bands of quartz and calcite have been recognized in all the samples of 
EB IIIB phase. Numerous FTIR spectra show the presence of illite in traces by the 
characteristic main modes at 460 and 430 cm
-1
 that discriminate it from muscovite. In 
addition, minor amounts of hematite, magnetite, plagioclase, K-feldspar and diopside 
have been identified. 
A summary of the mineralogical phases, identified by FTIR analysis is reported in Ta-
ble 15. The relative abundances of each phases, estimated on the basis of the intensity 
of peaks in the FT-IR patterns, are also given. 
 
Table 15: Mineralogical phases detected by FTIR spectroscopy of EB IIIB samples. 
  Calcite Quartz K-Feldspar Albite Hematite Illite Anorthite Diopside 
KB.05.A.204/2 +++ +++ - - - - ++ - 
KB.05.A.204/3 +++ +++ - ++ + - ++ tr 
KB.06.A.120.6 ++ +++ + + + + + - 
KB.05.B.111/3 +++ +++ - ++ + + ++ - 
KB.11.B.1054/21 +++ ++ + + + + + tr 
KB.11.B.1054/24 ++ +++ + + + + + - 
KB.11.B.1054/62 ++ +++ + + ++ + + - 
KB.11.B.1124/3 +++ ++ + + + + ++ - 
KB.11.B.1124/8 +++ +++ + + + + + - 
KB.11.B.1124/15 +++ +++ + + + + + tr 
KB.11.B.1124/29 ++ +++ + ++ + + + - 
KB.11.B.1124/33 ++ +++ + + + + + - 
KB.11.B.1128/50 ++ +++ + + + + + - 
KB.11.B.1128/51 ++ +++ + + + + ++ - 
KB.11.B.1128/65 +++ +++ + + + + + - 
 
4.4.4 EB IV 
Comparing the frequencies identified in FTIR spectra of Khirbet al-Batrawy samples 
with those available in the literature, the different types of inclusions were identified 




(Table 16). Quartz and calcite are the main mineralogical phase identified in the sam-
ples of this period. Diffuse is the presence of feldspar, K-feldspar or plagioclases and 
illite, hematite and diopside have also been detected. 
 
Table 16: Mineralogical phases detected by FTIR spectroscopy of EB IV samples. 
  Calcite Quartz K-Feldspar Albite Hematite Illite Anorthite Diopside 
KB.05.A/D200 ++ +++ -  ++ + + ++  - 
KB.05.A.18/5 ++ +++ ++  - +  -  - + 
KB.05.A.6b/1 +++ +++  - ++ -  +  -  - 
KB.05.A.21/27 +++ ++  - ++  -  - ++ tr 
KB.05.A.34/2 +++ ++  - ++ + + ++  - 
KB.05.A.62/1 +++ +++  - ++ + + ++ + 
KB.05.A.62/2 +++ +++ ++ ++  -  - ++ + 
KB.05.A.68/2 +++ +++  - ++  - +  - ++ 
KB.05.A.82/4 +++ +++  - ++  - + ++ + 
KB.05.A.84/3 +++ +++  - ++  -  - ++ + 
KB.05.A.8b/3b +++ +++ ++  -  -  -  -  - 
KB.05.A.88/1 +++ +++  -  -  -  -  - tr 
KB.05.A.96/1 +++ +++  - ++  - + ++  - 
KB.05.A.98/1 ++ +++  - ++  - + ++  - 
KB.05.A.210/2 +++ +++  - ++  - + ++ tr 
KB.05.A.210/4 +++ +++ ++ ++  - + ++  - 
KB.05.A.212/6 ++ +++  - ++  -  - ++  - 
KB.05.A.216/12 +++ +++  - ++  -  - ++  - 
KB.05.B.128/3 +++ +++ ++ ++  -  -  -  - 
KB.06.A.248/2 +++ +++ ++ ++ + +  -  - 
KB.06.A.256/1 +++ +++ ++  -  - +  -  - 
KB.06.A.C/18 +++ ++  - ++  - +  -  - 
KB.06.B.383/7 +++ +++  -  - + + ++  - 
 
4.4.5 Statistical Analysis 
After the identification of the different mineral phases, the FTIR “reduced” spectra of 
all the sample listed in Tables 13 - 16, after the pre-treatment as described in chapter 
3, were investigated using PCA. 
The loading plot provides information about the bands that mainly contribute in the 
differentiation among the spectra. The first 10 PCs together explain 68,55 % of the to-
tal spatial variance (Table 17), where PC1 and PC2 represent 21.79 % and 9.7 % of 






Table 17: Results of PCA performed on dataset. 
 
F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 
Value 260,35 116,74 85,80 69,55 62,93 56,44 49,90 44,48 37,93 35,02 
Variability % 21,79 9,77 7,18 5,82 5,27 4,72 4,18 3,72 3,17 2,93 
Cumulative variance % 21,79 31,56 38,74 44,56 49,82 54,54 58,72 62,44 65,62 68,55 
 
The scores plot (Fig. 19), with the exception of two outliers (1126.65 and 146.15), 
shows that the majority of samples are grouped into an unique cluster.  
 
Figure 19: Score plot of PCA model obtained using the results of FTIR analysis on pottery sherds. 
 
In order to better analyse the relationship among and between the samples, the spectra 
of the two outliers (Baxter, 1999) KB.05.B.146/15 and KB.11.B.1128/65 were re-
moved from the dataset and the PCA analysis was performed again. The first 10 PCs 
together explain 66,78 % of the total spatial variance (Table 18), where PC1 and PC2 
represent 19.89 % and 8.45 % of the total variance, respectively. The values of PC are 
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Table 18: Results of PCA performed on dataset. 
  PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 
Value 237,65 100,95 84,96 69,81 66,97 58,10 54,73 45,25 41,82 37,81 
Variability % 19,89 8,45 7,11 5,84 5,60 4,86 4,58 3,79 3,50 3,16 
Cumulative variance % 19,89 28,34 35,45 41,29 46,89 51,75 56,33 60,12 63,62 66,78 
 
 
Figure 20: Score plot of PCA model obtained using the FTIR results on pottery sherds divided following 
their pottery types, excluding the two outlier samples KB.05.B.146/15 and KB.11.B.1128/65. (SW: Sim-
ple Ware; SPW: Simple Painted Ware; StW: Storage Ware; RBW: Red Burnished Ware; RPW: Red Pol-
ished Ware; MW: Metallic Ware; KW: Kitchen Ware; KKW: Khirbet Kerak Ware). 
 
The score plot of PC1 vs PC2 is presented here in two different form to allow the 
speculation about relationship among samples belonging to the different phases of 
Khirbet al-Batrawy urbanization (Fig. 21) and to the different pottery type (Fig. 20). 
All the samples are very close together and can be grouped into an unique cluster. The 
first diagram prevent the possibility to identify groups between the different pottery 
types. The samples are distributed in an homogeneous way, without any preference. 
The only information we can obtain from this diagram is related to the KKW samples. 

































tery type and different historical period. This finding further support the attribution of 
KKW samples to the local pottery production.  
Despite the low variability among the samples, the diagram of Figure 21 clearly shows 
the samples belonging to different historical periods fall in distinctive area. However, 
the numerous variables considered (1195) in the statistical analysis prevent the possi-
bility to identify the contributions of each variables into the two PCs.  
 
Figure 21: Score plot of PCA model obtained using the FTIR results on pottery sherds divided into the 
four periods of Batrawy urbanization, excluding the two outlier samples KB.05.B.146/15 and 
KB.11.B.1128/65. 
 
For this reason, the PCA was performed again considering only the variables that 
mainly discriminate among samples. Therefore, a series of elaborations with PCA 
were performed step by step in order to reduce the number of variables:  
1) For the first elaboration, the variables with a values of variables-PCs correlation in 
the range <-0,7 and >0,7 for the PC1 and the range <-0,6 and >0,6 for the PC2 
were considered. Thus, a new plot (Fig. 22) was performed considering 268 varia-
bles. 
As showed in Figure 22, the separation between samples persists, but the high 
number of variables creates difficulties in the evaluation of the contribution of each 
variables to this separation.  
2) The PCA was performed again on a set of variables with a values of the variables-






























Also in this case, the separation persists, but the number of variables remains too 
much higher (207) to identify their single contribution.  
3) Finally, the values of the variables-PCs correlation <-0,9 and  >0,9 for PC1 and <-
0,8 and >0,8 for the PC2 were considered and a new set of 160 variables was used 
for the PCA.  
 
 
Figure 22: Score plot of PCA model obtained using the FTIR results on pottery sherds, divided into the 
four periods of Batrawy urbanization, considering only the 268 variables that mainly contribute to the 
separation of the sherds. 
 
The new plot (Fig. 23) obtained maintains the separation of samples and the lower 
number of variables allows the analysis of this differentiation. 
Considering that the PC1 is mainly affected by the contributions of the wavelengths 
around 1500-1600 cm
-1 
and the major contribution in the PC2 is due to wavelengths 
between 700 and 900 cm
-1
, we can distinguish the spectra on the basis of this infor-
mation. The major variability observed among the samples is due to PC1 that is influ-
enced by vibrational bands not due to mineralogical compounds, whereas the variabil-
ity along PC2, referring to minerals bands, is limited. In particular, EB II samples plot-
ting around the centre of the diagram show that the two different PCs do not play a 
predominant role. EB IIIA are mainly located in the space with positive values of PC1 
and PC2, showing a small variability along the two different PCs. EB IIIB samples 























affected probably by the signal of organic compounds. Finally, EBIV samples plot in 
the area with positive values of PC1 and negative of PC2 and show major variability 
along PC1.  
 
 
Figure 23: Score plot of PCA model obtained using the FTIR results on pottery sherds, divided into the 
four periods of Batrawy urbanization, considering only the 160 variables that mainly contribute to the 
separation of the sherds. 
 
In this particular case, the successive elaborations of data with the aim to decrease the 
number of variables do not identify the contribution of vibrational bands connected to 
the occurrence of particular minerals, so preventing the possibility to explain the sepa-
ration among samples on the basis of their mineralogical composition. However, the 
model here proposed to process statistical data in presence of high number of variables 
shows its validity. Indeed, the variability and separations are due to vibrational bands 
that are not assigned to mineralogical components confirming that the mineralogical 

















PC1 71,32 % 
Score plot 




4.5 Scanning Electron Microscopy coupled with Energy Dispersive Spectroscopy 
(SEM-EDS) 
Scanning electron microscopy (SEM) imaging, using secondary and backscattered 
electrons, and EDS chemical microanalysis was carried out on polished specimens 
with the aim to acquire data useful in defining the groundmass microstructure, the 
characterization of the inclusions and the degree of vitrification of the matrix.  
Results are here discussed divided into the four periods of Khirbet al-Batrawy urbani-
zation. 
  
4.5.1 EB II 
4.5.1.1 Minerals 
According to BSE images and EDS data, the crystalline inclusions are mainly repre-
sented by coarse-sized grains of calcium carbonates, quartz, feldspars, Fe, Mn, Ti, Fe-
Ti oxides, whereas less widespread are apatite, zircon, barite and fossils (Table 19).  
The oxides of metallic elements have been easily identified because they appear with 
contrasting colors in BSE images. Iron oxides have been identified by the presence of 
Fe and O; however, as the Fe peaks do not differentiate Fe(II) from Fe(III) this analyt-
ical methodology cannot distinguish hematite from magnetite. 
Iron-titanium oxides, probably ilmenite, have been identified by the peaks of Ti, Fe 
and O. In the EDS spectra the peak of Mg is also present as this element is usually 
present in the ilmenite structure, although in scarce amounts. 
BSE images revealed the existence of well-formed crystals of titanium oxides embed-
ded within the matrix. However, EDS spectra do not provide information about the 
crystal structure of these minerals and therefore it was not possible to discriminate be-
tween rutile and anatase. 
Apatite has been also identified in the studied pottery. In particular, SEM images have 
been studied to differentiate mineral apatite from that of bones. Bones in pottery are 
characterized by high porosity resulting from the bacterial attack with the typical net-
work of small pores (0.1-1.0 µm in diameter) confined to discrete zone (each 10-40 
µm across) giving a spongiform appearance to fragments of bones (Turner-Walker and 
Syversen, 2002). These typical features of apatite of bones have not been recognized 
in the acquired images. On the basis of this result it seems possible to exclude that 















































































KB.06.B.392/8 • • •   • • •     •  
KB.06.E.704/6 • •  • •   •    • 
KB.06.E.706/2 • •     • • • • • •  




EDS spectra of the matrix revealed a similar chemical composition, made mainly of 
Si, Al and minor amounts of K, Na, Mg, Ca and Fe. Concerning the chemical compo-
sition of sample KB.06.E.704/6, differences have been observed with respect to other 
sherds as it has a lower Ca content. Pottery fragments with the typical “black core” 
structure have been carefully examined by analyzing in particular areas of the samples 
showing different colors. EDS results show the same chemical composition for these 
points, highlighting that color differences are not connected to different chemical 
composition. 
 
Figure 24: Microphotographs and BSE images of sample KB.06.B.392.8 with EDS spectra of three 
points : (a) calcite crystal, (b) rim and (c) internal part of sample. 
 
Figure 24, clearly highlights these results as the microphotograph on the left shows the 
difference in color between the core and the margins of the fragment, whereas the 











same color. EDS spectra of three analyzed points a (calcite crystal (A), rim (B) and 
internal part (C) of the sample) clearly show that the observed differences in color are 
not due to different chemical composition, while probably they have been induced by 
the firing conditions.   
 
4.5.1.3 Vitrification stage analysis 
SEM micro-photographs of the 
sherds show that pottery contains 
plate line grains, without contact 
grain to grain that allow to hy-
pothesize a low fired ceramic. The 
presence of some slight buckling 
and rounding of edges of the clay 
pallets allows to identify the earli-
er stage in the development of vit-
rification (Fig. 25). Such stage is 
known as “no vitrification stage” 
(NV) or “intermediate stage of vit-
rification” (NV+) and suggests 
that the sample was fired below 
900° C in oxidizing atmosphere 
(Tite and Maniatis, 1975; Tite et 
al., 1982). 
4.5.2 EB IIIA 
4.5.2.1 Minerals 
SEM-EDS results show that EB IIIA sherds are typified by the occurrence of coarse-
sized inclusions in the matrix. These are mainly represented by calcite, quartz, feld-
spars, iron oxides, iron-titanium oxides. Olivine, apatite, barite, pyroxene and frag-
ments of fossils have also been identified in minor amounts (Table 20). 
 








































































KB.05.A.52/8 • •     •     
KB.05.A.64/13 •  •   • •     
KB.05.B.126/3 •     •  •  • • 
KB.05.B.136/1  •    •      
KB.05.B.146/8 • • •  • • • •    
a b 
Figure 25: SEM image of sample  KB.06.E.704/6 show-
ing (a) plate line grains without contact grain to grain and 












































































KB.05.B.146/15 •  • •   •  •  • 
KB.05.B.146/24 • •    •     • 
KB.06.B.167/4 •  • •  • •    • 
KB.06.B.413/2a • • •   •    •  
KB.06.B.427/1 • •  •        
KB.08.B.805/6 • • • •  • • • •   
KB.09.B.820/12 •  • •  • • •   • 
KB.09.B.820/13 •  •  •  • •  •  
 
4.5.2.2 Matrix 
The matrix of the pottery mainly contains Si and Al with minor amounts of Ca, K, Na, 
Mg and Fe (Fig. 26). The fragments belonging to the EB IIIA phase have similar 
chemical composition, while those of the KKW subgroup are distinguished by higher 
contents of Ca. 
  
KB.05.B.136/1 KB.08.B.805/6 (KKW) 
Figure 262: EDS spectra collected on the internal matrix, showing the different amounts of Ca in KKW 
samples. 
 
4.5.2.3 Vitrification stage analysis 
Samples of EB IIIA phase did not show diffuse vitrification, but only a surface in 
which is evident the glass developing with rare filaments and isolated smoothed sur-
face (Fig. 27); the pores are present and only in a few points the cellular structure typ-
ical of low fired ceramics has been observed. According to Tite and Maniatis (1975) 
and Tite et al. (1982), the first stage of vitrification (IV) have been identified. 
 




   
KB.05.A.52/8 KB.05.A.64/13 KB.05.B.126/3 
Figure 273: SEM image of samples belonging to EB IIIA showing rare filaments of glass and isolated 
smoothed surface (for example, see sample KB.05.B.126/3). 
 
4.5.3 EB IIIB 
4.5.3.1 Minerals 
SEM-EDS results allow to confirm the occurrence of calcite (Fig. 28), quartz, feld-
spars (Fig. 29), iron oxides (Fig. 28), iron-titanium oxides, apatite (Fig. 28 and Fig. 
30) and fragments of fossils, being these latter the main diffuse inclusions in the ma-






     
 
Figure 284: Microphotograph and BSE image of sample KB.11.B.1124/3 showing the presence of calcite 
(Cal), apatite (Apa) and iron oxides. 
 
Figure 295: BSE image and EDS spectrum of an inclusion of feldspar in sample KB.06.A.120/6.  





Figure 306: BSE image and EDS spectrum of an inclusion of apatite in sample KB.10.B.1054/24.  








































































KB.06.A.120/6 •  •  • •    •  
KB.05.A.204/3 • • •         
KB.10.B.1054/21 • • • •  •      
KB.10.B.1054/24 •  • • • •   •   
KB.10.B.1054/62 •  • • • • •  • •  
KB.11.B.1124/3 • • •   •      
KB.11.B.1124/8 •  • • •    • •  
KB.11.B.1124/15 •     •    • • 
KB.11.B.1124/29 • • •   •    •  
KB.11.B.1124/33 • • •   • •   •  
KB.11.B.1126/65 • • • • •   •    
4.5.3.2 Matrix 
The chemical composition of major elements of the pottery samples includes Si, Al, 
Ca, Fe, K, Mg and Na and all the studied fragments have similar composition, with the 








Figure 31: EDS spectra collected on the internal matrix, showing the different amounts of Ca in the sam-
ple KB.10.B.1054/24. 
 
4.5.3.3 Vitrification stage analysis 
The EB IIIB samples do not show clear evidence of sintering or partial melting. The 
preservation of the illite grains with limited glass areas, no-degraded changed car-
bonate grains may be connected to a low firing temperature (Fig. 32). The absence of 
diffuse small pores further supports the definition of an initial stage of vitrification 
that could indicate a firing temperature under 900° C (Tite and Maniatis, 1975; Tite et 
al., 1982).  
   
KB.06.A.120/6 KB.11.B.1054/24 KB.11.B.1054/62 
Figure 327: SEM image of samples belonging to EB IIIB showing limited areas of glass and isolated 
smoothed surface. 
4.5.4 EB IV 
4.5.4.1 Minerals 
SEM-EDS results show the occurrence of calcite (Fig. 33), quartz, feldspars, iron ox-
ides, iron-titanium oxides as the main diffuse inclusions. Apatite, barite, olivine and 
fragments of fossils (Table 22) have been identified, although in minor amounts.  





Figure 33: Microphotograph and BSE image of sample KB.06.A.248/2 showing the presence of calcite 
(Cal) and quartz (Qtz), EDS spectra of calcite crystal has also been reported. 
 




























































KB.05.A.21/27 • • • • • • • 
 
 





• • • • • 
 
 
KB.05.A.88/1 • • • • • •  •  
KB.06.A.248/2 • • • •      
 
• 





EDS analysis points out that the matrix of all the EB IV sherds has a similar chemical 
composition made of high contents of Si, Ca and Al along with minor amounts of Mg, 
Na, Fe and K. EDS spectra of internal and marginal areas of the matrix show the same 
chemical composition (Fig. 34). Moreover, the obtained results highlight the high Ca 











Figure 348: Microphotograph and BSE images of sample KB.05.A.68/2 with EDS spectra of three points 
: (a) white slip, (b) rim and (c) internal part of sample. 
 
4.5.4.3 Vitrification stage analysis 
SEM images show a poor compact micromass, in which unaltered grains of car-
bonates, indicating a lower firing temperature, occur (Fig. 35). The matrix is character-
ized by aggregates of flaky clay particles, cracks of small dimensions interrupted by 
zones with the original structure; however, a cellular structure or small dimension 
pores, testifying an initial vitrification stage have not been recognized in the studied 
samples. 
 
   
KB.05.A.6b/1 KB.05.A.21/27 KB.05.A.84/3 
Figure 395: SEM image of samples belonging to EB IV showing limited areas of glass and clay particles. 
A B C 




4.5.5 Coarse-sized inclusions 
Coarse-sized inclusions, with shapes from very angular to angular, have been ob-
served in numerous samples belonging to the four different phases of urbanization.  
On the basis of their optical features (OM) they were identified as fragments of basal-
tic rocks, and for this reason a  detailed characterization of these inclusions has been 
carried out by SEM-EDS (Figs. 36 and 37). 
 
 
Figure 3610: Microphotograph and BSE image of sample KB.06.B.167/4 with EDS spectra of three 
points : (1) iron and titanium oxides, (2) plagioclase and (3) pyroxene. 
 
 
These fragments containing ilmenite, olivine, plagioclase and apatite support the hy-
pothesis that they are inclusions of remains of basaltic rocks. In particular, according 
to Burdon (1959) it is also possible to infer a local provenance for these rocks frag-
ments as they show a mineralogical composition substantially close to that of the Jor-







Figure 3711: Microphotograph and BSE image of sample KB.05.A.88/1 with EDS spectra of three points 
: (A) iron and titanium oxides, (B) olivine and (C) plagioclase. 
 




4.6 X-Ray Diffraction analysis (XRD) 
 
In a pottery the “mineralogical assemblage” refers to the set of mineralogical phases 
present in the matrix and occurring as inclusions. This assemblage differs from the 
mineralogical composition of the starting raw material (a mixture of clay and tempers) 
as it is modified during the firing process through a series of complex pathway of re-
actions leading to the formation of newly formed minerals and/or to amorphous phas-
es. The mineralogical assemblage of the pottery is strictly affected by the mineralogi-
cal composition of the clay used for the ceramic production and the tempers added by 
the potters. Moreover, it depends also on the firing temperatures, i.e. maximum tem-
perature reached, the time of firing process, the heating and cooling rates and the re-
dox state of the atmosphere developed during heating process. For this reason, the 
presence or absence of specific mineralogical phases is used to estimate the maximum 
firing temperature.  
A summary of the mineralogical phases detected in each sample and their relative 
abundances, estimated on the basis of the intensity of the peaks in the XRD patterns, 
are shown in Tables 23-26, following the four phase of Khirbet al-Batrawy urbaniza-
tion. The semi-quantitative analysis has been performed by the application of the 
X’Pert Highscore Plus software®.  
 
4.6.1 EB II 
The results of XRD analysis 
show that quartz and calcite 
are ubiquitous and the most 
abundant mineral phases 
encountered in all samples. 
Referring on the calcite con-
tent with respect to that of 
quartz, the ceramic samples 
were divided in different 
groups. The group with high 




KB.06.E.706/2 and KB.06.E.706/1; whereas the group having high amounts of quartz 
is formed by samples KB.06.E.702/10, KB.06.E.704/1 and KB.06.E.704/6 (Fig. 38). 
Figure 12: XRD spectra showing (above) the group of  EB II sam-
ples with high amount of calcite and (below) the group of EB II 





The XRD patterns of the analyzed samples, showing a predominance of quartz and 
calcite content, present high and large peaks which make difficult investigations of 
other minerals present in minor amounts. However, minor amounts of gypsum, illite, 
K-feldspar, plagioclase, gehlenite and hematite have been identified (Table 23). 
Moreover, the high background of spectra suggests some amorphous content. 
In addition, the presence or absence of illite and gehlenite permits to discriminate 







Table 233: Mineralogical phases and relative abundances of EB II samples (+++=abundant; ++=present; 
+=scarce; tr=traces) identified by XRD analysis. Cal: calcite; Qtz: quartz; Gp: gypsum; Ill: illite; Kfs: K-
feldspar; Pl: plagioclase; Hem: hematite; Gh: gehlenite. 
EBII Cal Qtz Gp Ill Kfs Pl Hem Gh 










KB.06.E.703/5 +++ ++ Tr + tr  tr  
KB.06.E.702/10 tr +++ + tr tr tr tr  










KB.06.E.706/2 +++ + + 
  
 tr tr 
KB.06.E.706/1 +++ ++ 
   
 tr tr 
 
4.6.2 EB IIIA 
The XRD results of EB IIIA samples show the diffuse occurrence of calcite and quartz 
in all sherds, with extremely variable amounts. On the basis of relative contents of the 
calcite and quartz, two groups of samples have been recognized.  
The high-calcite group includes samples KB.05.A.52/8, KB.05.B.110/15, 
KB.05.B.126/1, KB.05.B.126/3, KB.05.B.126/4, KB.05.B.136/3, KB.05.B.136/5, 
KB.05.B.146/1,  KB.05.B.146/4, KB.05.B.146/5, KB.05.B.146/20, KB.06.B.167/4 
and KB.06.B.413/2; whereas the high-quartz is formed by samples KB.05.A.58/1, 
KB.05.A.64/1,  KB.05.A.64/13,  KB.05.B.136/1, KB.05.B.146/3, KB.05.B.146/4, 
KB.05.B.146/6, KB.05.B.146/7, KB.05.B.146/24, KB.05.B.146/30, KB.06.B.376/4, 
KB.06.E.701/2 and KB.06.E.703/3. All the sherds of KKW group are characterized by 
high content of calcite. These samples also contain minor quantities of plagioclase, il-
lite, K-feldspar, diopside, hematite, gehlenite, epidote and gypsum (Table 24 and Fig. 
39). Moreover, the high background of spectra suggests some amorphous content. 




Furthermore, the XRD 
analyses have also been 
performed on the decora-
tion of EB IIIA group, for 
which to minimize the ma-
trix interference, was di-
rectly scraped by the sur-
face. In spite of this proce-
dure, the XRD patterns 
show a high background 
and only the peaks of 
quartz and/or calcite have 
been identified.    
On the basis of the presence 
or absence of illite, gehlen-
ite and diopside, the miner-



















Figure 13: Representative spectra of EB IIIA phase showing the 
occurrence of quartz (Qtz), illite (Ill), plagioclase (Pl), K-feldspars 
(K), calcite (Cal), diopside (Dio), hematite (Hem), gehlenite (Geh) 





Table 244: Mineralogical phases and relative abundances of EB IIIA samples (+++=abundant; 
++=present; +=scarce; tr=traces) identified by XRD analysis. Cal: calcite; Qtz:quartz; Gp: gypsum; Ill: 
illite; Kfs: K-feldspar; Pl: plagioclase; Hem: hematite; Di: diopside; Gh: gehlenite; Ep: epidote.  
EB IIIA Cal Qtz Gp Ill Kfs Pl Hem Di Gh Ep 
KB.05.A.52/8 +++ ++  Tr ++ ++ tr +   
KB.05.A.58/1 ++ +++   tr Tr tr    
KB.05.A.64/1 + +++   + +     
KB.05.A.64/13 ++ +++    ++ tr  tr  
KB.05.B.110/15 +++ +   tr ++  + tr  
KB.05.B.126/1 +++ +       tr  
KB.05.B.126/3 +++ ++     tr    
KB.05.B.126/4 +++ ++  Tr ++ ++ tr ++   
KB.05.B.136/1 ++ +++  Tr tr tr tr    
KB.05.B.136/3 +++ ++  Tr ++ ++  +   
KB.05.B.136/5 +++ +   + +   tr  
KB.05.B.146/1 +++ +     tr  tr  
KB.05.B.146/3 ++ +++   ++ +++ tr +   
KB.05.B.146/4 ++ +++  Tr tr tr   tr  
KB.05.B.146/5 +++ ++  Tr + + tr + tr  
KB.05.B.146/6 + +++  Tr       
KB.05.B.146/7 + +++   + +   tr  
KB.05.B.146/15 ++ ++  Tr +++ +++  +  + 
KB.05.B.146/20 +++ +  Tr tr     + 
KB.05.B.146/24 + +++   + + tr tr +  
KB.05.B.146/30 + +++  Tr + +   tr  
KB.06.B.167/4 +++ ++   ++ ++  ++ tr + 
KB.06.B.376/4  +++ +  + + + + tr  
KB.06.B.413/2 +++ +       +  
KB.06.E.701/2 + +++  Tr + + + +   
KB.06.E.703/3  +++   tr  tr  tr  
KB.06.B.427/1 +++ ++      tr tr  
KB.08.B.805/6 +++ +  Tr tr tr tr  tr  
KB.09.B.820/10 +++ +   + +  + tr tr 
KB.09.B.820/12 +++ +  Tr tr     ++ 
KB.09.B.820/13 +++ +  Tr + + tr  tr  
 
4.6.3 EB IIIB 
As observed for the samples of EB IIIA phase, the XRD results show the diffuse oc-
currence of calcite and quartz also in all the sherds of this period, with extremely vari-
able amounts. On the basis of the calcite and quartz relative contents two groups of 
samples have been recognized.  
The group containing high amounts of calcite includes samples KB.05.A.46/8, 
KB.05.A.216/4, KB.05.A.220/5, KB.05.A.224/2, KB.06.A.120/6, KB.05.A.204/2, 
KB.05.A.204/3, KB.10.B.1054/21, KB.10.B.1054/62, KB.11.B.1124/8, 
KB.11.B.1124/3, KB.11.B.1124/15, KB.11.B.1128/50, KB.11.B.1128/51; whereas the 
group with high amounts of quartz includes samples KB.05.A.46/2, KB.05.B.111/3, 




KB.10.B.1040/8, KB.10.B.1054/24, KB.11.B.1124/29 and KB.11.B.1128/65. Illite, K-
feldspar, plagioclase, hematite, diopside, gehlenite, epidote and gypsum have been 
identified in minor amounts (Table 25). 
On the basis of the presence or absence of illite, gehlenite and diopside, the mineralog-











Table 25: Mineralogical phases and relative abundances of EB IIIB samples (+++=abundant; ++=present; 
+=scarce; tr=traces) identified by XRD analysis. Cal: calcite; Qtz:quartz; Gp: gypsum; Ill: illite; Kfs: K-
feldspar; Pl: plagioclase; Hem: hematite; Di: diopside; Gh: gehlenite.  
BA IIIB Cal Qtz Gp Ill Kfs Pl Hem Di Gh 
KB.05.A.46/2 ++ +++   tr tr    
KB.05.A.46/8 +++ ++   tr tr    
KB.05.A.216/4 +++ ++  tr      
KB.05.A.220/5 +++ ++  tr   tr  tr 
KB.05.A.224/2 +++ ++  tr tr tr    







KB.05.A.204/2 +++ ++     tr  tr 
KB.05.A.204/3 +++ +   tr tr   tr 
KB.05.B.111/3 ++ +++    ++ tr tr ++ 
KB.10.B.1040/8 +++ ++   ++ ++ tr + + 
KB.10.B.1054/21 +++ ++ 
  
tr tr tr 
 
tr 
KB.10.B.1054/24 tr +++ 
  
+ + tr 
 
tr 
KB.10.B.1054/62 +++ + 
       KB.11.B.1124/8 +++ ++       + 
KB.11.B.1124/3 +++ ++ 
  
tr 
   
tr 
KB.11.B.1124/15 +++ ++  tr tr     
KB.11.B.1124/29 ++ +++  tr  + tr   
KB.11.B.1128/65 ++ +++ +   tr tr  tr 
KB.11.B.1128/50 +++ +   tr tr   tr 
KB.11.B.1128/51 +++ +  tr tr tr   tr 
 
4.6.4 EB IV 
Also in the case of samples of this archaeological period, the XRD results show the 





amounts. On the basis of the calcite and quartz relative contents two groups of sam-
ples have been recognized: high-calcite (samples  KB.05.A.6b/1, KB.05.A.18/5, 
KB.05.A.21/27, KB.05.A.34/2, KB.05.A.62/1, KB.05.A.68/2, KB.05.A.82/4, 
KB.05.A.8b/3b, KB.05.A.88/1, KB.05.A.96/1, KB.05.A.98/1, KB.05.A.210/4, 
KB.05.A.212/6, KB.05.A.216/12, KB.06.A.ø/18) and high-quartz (KB.05.A/D200, 
KB.05.A.84/3, KB.05.A.210/2, KB.05.B.128/3, KB.06.A.256/1, KB.06.A.248/2 and 
KB.06.B.383/7). Sample KB.05.A.62/2 is characterized by contents of the two mineral 
phases almost similar.  
Also in this set of samples, the 
intensity of quartz and calcite 
peaks makes difficult the iden-
tification of other mineralogical 
phases that appear diffuse in 
variable amounts in the differ-
ent samples. However, illite, K-
feldspar, plagioclase, hematite, 
diopside, gehlenite and epidote 
have been also found, rarely 
along with gypsum (Table 26 
and Fig. 40). 
On the basis of the presence or 
absence of illite, gehlenite and 
diopside, the mineralogical as-















Figure 40: Representative spectra of EB IV phase showing the 
occurrence of quartz (qtz), illite (ill), feldspar (fel), calcite (cal), 
diopside (dio), hematite (hem) and gehlenite (geh).  
 





Table 26: Mineralogical phases and relative abundances of EB IV samples (+++=abundant; ++=present; 
+=scarce; tr=traces) identified by XRD analysis. Cal: calcite; Qtz:quartz; Gp: gypsum; Ill: illite; Kfs: K-
feldspar; Pl: plagioclase; Hem: hematite; Di: diopside; Gh: gehlenite; Ep: epidote.  
BAIV Cal Qtz Gp Ill Kfs Pl Hem Di Gh Ep 
KB.05.A/D200 ++ +++ 
  
+ + tr 
 
+ tr 
KB.05.A.6b/1 +++ ++ 
 
+ + + 
    KB.05.A.18/5 +++ ++ 
  
tr 
     KB.05.A.21/27 +++ ++ 
  
+ + tr + 
  KB.05.A.34/2 +++ ++ 
  
+ + tr tr tr 
 KB.05.A.62/1 +++ + 
  
+ + tr tr 
 
tr 
KB.05.A.62/2 +++ +++ 
   
+ + 
   KB.05.A.68/2 +++ ++ 
  
+ + 
   
tr 





 KB.05.A.84/3 ++ +++ 
 
tr + + tr 
 
+ tr 





  KB.05.A.88/1 +++ ++ 
 
tr + + 
    KB.05.A.96/1 +++ ++ 
 
tr 
    
tr 
 KB.05.A.98/1 +++ ++ 
 
tr 












 KB.05.A.212/6 +++ ++ 
      
tr 
 KB.05.A.216/12 +++ ++ 
  
+ 
   
tr tr 
KB.05.B.128/3 ++ +++ 
 
tr ++ ++ tr 
   KB.06.A.248/2 ++ +++ 
    
+ 
   KB.06.A.256/1 ++ +++ 
 
tr tr 
     KB.06.A.ø/18 +++ + 










4.6.5 Geological samples 
The results of XRD analysis show that quartz and calcite are the main components of 
the samples of the supposed raw material collected near the archaeological site. Arag-
onite [CaCO3], augite [(Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6], apatite and barite are wide-







Figure 41: Representative spectra of geological samples showing the occurrence of quartz, calcite, hema-
tite, illite, aragonite, augite, gehlenite, apatite and barite. 
 
4.6.6 Firing experiments 
One sample for each historical period and one sample of the supposed raw material 
have been re-fired at 950 °C for 24 h and analyzed by XRD to define in detail the 
products of reactions that take place during heating process. A summary of results 
(Table 27) and XRD spectra, before and after the re-firing, are reported below for each 
sample (Fig. 42).  
In general, it is possible to assert that at 950 °C XRD spectra show that calcite and il-
lite, observed in the pottery samples at room temperature, disappeared and the reac-
tions during firing produced mainly gehlenite, hematite and wollastonite.  
Analyzing in detailed the results, we can also note that apatite, anorthite, gehlenite and 
augite if detected in samples at room temperature were observed also in samples after 
re-firing. In sample KB.11.B.1054/12 at 950 °C anorthite appeared probable as the re-
sult of the decomposition of gehlenite in presence of wollastonite and high amount of 




































Table 27: Summary of XRD results, before and after the re-firing at 950 °C. 
EB II - Sample KB.06.E.706/1 
Non-heated Calcite + quartz + illite + apatite 
Heated Gehlenite + wollastonite + quartz + apatite  
EB IIIB - Sample KB.11.B.1054/12 
Non-heated Calcite + quartz + illite + hematite 
Heated Quartz + gehlenite + anorthite + hematite + wollastonite 
EB IV - Sample KB.06.B.383/7 
Non-heated Anorthite + quartz + gehlenite + augite + calcite  
Heated Anorthite + quartz + augite + gehlenite + hematite 
Geological sample 
Non-heated Quartz + calcite + barite + apatite + aragonite + augite + gehlenite + illite + hematite 
Heated Quartz + gehlenite + wollastonite + augite + apatite + hematite 
 
 








4.7 Chemical analyis 
Major, minor (in wt.%) and some trace elements (ppm) contents of the analyzed pot-
teries from Khirbet al-Batrawy site are reported in Table 28. The average values and 
relative standard deviations for each phase of urbanization are also given. 
The CaO content, ranging from 11.32 to 32.75% (average 19.56%), is above 6% in all 
the analyzed samples. This result indicates the calcareous character of Khirbet pottery 
(Maniatis and Tite, 1981). The contents of fluxes (e.g., K2O, Fe2O3, CaO, MgO and 
TiO2) are >9%, allowing the classification of the clays as low refractory clays (Mania-
tis and Tite, 1981, Musthafa et al., 2010). 
The samples show high variability of the contents of SiO2 as the values range from 
23.19 to 55.84%.  
The contents of Fe2O3 and Al2O3 also vary from 2.95% to 8.1% and from 6.08% to 
18.41%, respectively. The highest Fe2O3 concentrations were measured in sherds 
KB.05.B.146/24, KB.10.B.1040/8, KB.11.B.1124/24, KB.06.B.383/7, 
KB.11.B.1054/12, KB.10.B.1054/62 and KB.06.B.167/4. The sherds KB.06.E.703/5, 
KB.06.B.383/7, KB.05.A.84/3 and KB.05.B.136/5 contain the highest amount of 
Al2O3.  
In all analyzed samples a moderate contents of Na2O (0.31%-1.06%) and high concen-
trations of K2O (1.71-4.36%) have been found. The highest values of calcium are de-
tected in samples KB.05.5/D200, KB.06.E.703/5 and KB.10.B.1040/8.  
MgO concentrations varies between 0.65% and 4.34%, with the highest values detect-
ed in samples KB.06.B.167/4 and KB.09.B.820/12.  
MnO content varies between 0.02% and 0.09%, and the concentrations of TiO2 and 
P2O5 range from 0.56% to 1.3% and from 0.16% to 0.78% respectively. In the ana-
lyzed sherds no significant variations of the concentrations of these elements have 
been observed, with the exception of sample KB.06.E.706/1 whose P2O5 content does 
not fall within the above range. 
 
Table 285: The concentrations of major, minor (in wt.%) and some trace elements (in ppm) contents of 
the analyzed potteries obtained by chemical analysis. 
Analyte Symbol SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 LOI 
EB II            
KB.06.E.703/5 40.06 17.14 5.25 0.03 1.30 14.48 0.84 4.17 0.66 0.33 15.93 
KB.06.E.703/6 30.84 11.72 4.21 0.04 1.64 28.93 0.83 3.02 0.54 0.52 17.99 
KB.06.E.704/6 55.84 13.12 4.69 0.06 2.11 11.32 0.65 3.16 0.66 0.43 8.51 
KB.06.E.706/1 23.19 7.53 2.95 0.02 0.65 32.75 0.61 1.71 0.38 3.00 26.26 
EB IIIA            
KB.05.B.136/5 43.92 17.50 5.95 0.06 1.57 18.35 0.69 3.68 0.90 0.49 7.55 
KB.05.B.146/24 45.03 15.74 6.86 0.06 2.74 14.09 0.57 2.84 1.29 0.78 10.22 




Analyte Symbol SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 LOI 
EB IIIA            
KB.06.B.167/4 38.99 14.33 8.10 0.08 4.34 19.94 1.02 2.27 1.14 0.36 9.62 
KB.06.B.427/1 28.54 6.08 3.19 0.05 1.32 30.27 0.48 2.77 0.48 0.28 26.36 
KB.09.B.820.12 25.29 7.94 4.23 0.02 3.65 26.15 0.60 3.18 0.59 0.30 26.64 
EB IIIB            
KB.10.B.1040/8 44.49 18.40 6.62 0.06 1.52 14.46 0.57 4.17 0.86 0.28 8.38 
KB.11.B.1054/12 35.73 14.15 6.13 0.03 1.49 18.47 0.60 2.89 0.59 0.37 19.13 
KB.10.B.1054/62 35.90 14.70 6.19 0.02 1.90 18.54 0.54 2.89 0.56 0.38 18.41 
KB.11.B.1124/24 40.14 16.22 6.12 0.05 1.60 15.90 0.98 3.97 0.73 0.22 14.45 
EB IV            
KB.05.A.84/3 40.65 17.77 6.20 0.04 1.85 18.02 0.31 2.93 0.75 0.47 11.76 
KB.05.A.6b/1 40.38 12.38 5.89 0.09 1.30 17.19 0.59 2.69 0.89 0.16 18.88 
KB.05.5/D200 42.27 12.45 4.85 0.07 2.47 17.02 1.06 4.36 0.70 0.40 14.81 
KB.06.B.383/7 45.78 18.41 6.36 0.05 2.32 16.71 0.68 2.92 0.93 0.45 5.97 
Average 38.65 13.86 5.52 0.05 1.99 19.56 0.68 3.15 0.74 0.54 15.35 
SD 8.18 3.84 1.35 0.02 0.91 6.17 0.20 0.71 0.24 0.65 6.75 
clay1 37.85 5.28 2.78 0.07 3.68 23.92 1.40 3.20 0.56 2.01 18.83 
clay2 38.37 5.32 2.73 0.07 3.63 23.59 1.44 3.25 0.57 1.92 18.73 




Analyte Symbol Sc Be V Cr Co Ni Zn Cd S Cu Ag Pb Ga Ge As Rb Sr Y Zr Nb Mo In Sn Sb 
KB.06.E.703/5 17.0 2.0 172.0 120.0 13.0 46.0 104.0 0.7 0.2 23.0 0.3 5.0 19.0 1.0 6.0 60.0 200.0 15.0 102.0 10.0 3.0 0.2 2.0 0.5 
KB.06.E.703/6 12.0 2.0 135.0 90.0 6.0 23.0 64.0 0.5 0.4 25.0 0.3 5.0 14.0 1.0 16.0 38.0 565.0 14.0 92.0 10.0 2.0 0.2 1.0 0.5 
KB.06.E.704/6 14.0 2.0 118.0 90.0 11.0 26.0 59.0 0.5 0.1 12.0 0.5 5.0 15.0 1.0 5.0 62.0 284.0 18.0 123.0 9.0 2.0 0.2 2.0 0.5 
KB.06.E.706/1 9.0 1.0 137.0 420.0 2.0 159.0 346.0 3.0 0.3 81.0 0.9 6.0 9.0 1.0 13.0 17.0 632.0 37.0 77.0 7.0 8.0 0.2 1.0 1.2 
KB.05.B.136/5 19.0 2.0 141.0 120.0 16.0 46.0 81.0 0.5 0.2 19.0 0.3 8.0 21.0 1.0 14.0 67.0 251.0 20.0 141.0 14.0 2.0 0.2 6.0 0.5 
KB.05.B.146/24 15.0 3.0 140.0 130.0 16.0 39.0 41.0 0.5 0.1 15.0 0.8 39.0 24.0 1.0 7.0 39.0 297.0 34.0 462.0 53.0 2.0 0.2 3.0 0.5 
KB.06.B.167/4 18.0 2.0 178.0 220.0 29.0 107.0 82.0 0.5 0.1 24.0 0.3 5.0 17.0 2.0 8.0 36.0 335.0 16.0 116.0 13.0 2.0 0.2 1.0 0.5 
KB.06.B.427/1 7.0 1.0 63.0 100.0 6.0 45.0 73.0 0.6 0.1 21.0 0.3 5.0 8.0 1.0 5.0 29.0 95.0 16.0 139.0 11.0 2.0 0.2 1.0 0.5 
KB.09.B.820.12 7.0 1.0 326.0 50.0 4.0 27.0 80.0 0.5 0.2 14.0 0.3 5.0 10.0 1.0 6.0 44.0 255.0 9.0 102.0 16.0 12.0 0.2 1.0 0.5 
KB.10.B.1040/8 18.0 2.0 150.0 120.0 15.0 39.0 78.0 0.5 0.1 11.0 0.3 8.0 20.0 1.0 7.0 69.0 237.0 18.0 136.0 13.0 2.0 0.2 1.0 0.5 
KB.11.B.1054/12 12.0 2.0 280.0 90.0 7.0 56.0 119.0 2.4 0.1 33.0 0.3 5.0 14.0 1.0 20.0 36.0 178.0 16.0 121.0 12.0 17.0 0.2 1.0 1.0 
KB.10.B.1054/62 11.0 1.0 311.0 80.0 5.0 45.0 90.0 1.1 0.1 32.0 0.3 5.0 15.0 1.0 11.0 35.0 211.0 12.0 98.0 11.0 10.0 0.2 1.0 0.5 
KB.11.B.1124/24 16.0 2.0 123.0 110.0 15.0 38.0 80.0 0.5 0.3 10.0 0.3 7.0 19.0 1.0 8.0 47.0 270.0 15.0 118.0 12.0 2.0 0.2 1.0 0.5 
KB.05.A.84/3 17.0 2.0 178.0 150.0 15.0 53.0 99.0 0.5 0.1 21.0 0.3 7.0 20.0 1.0 9.0 67.0 395.0 15.0 122.0 11.0 3.0 0.2 2.0 0.5 
KB.05.A.6b/1 13.0 2.0 114.0 100.0 16.0 51.0 67.0 0.6 0.1 22.0 0.3 10.0 16.0 1.0 10.0 47.0 239.0 23.0 245.0 18.0 2.0 0.2 2.0 0.5 
KB.05.5/D200 13.0 2.0 140.0 90.0 12.0 32.0 45.0 0.5 0.2 10.0 0.3 9.0 15.0 1.0 7.0 65.0 259.0 22.0 150.0 11.0 3.0 0.2 1.0 0.5 
KB.06.B.383/7 19.0 2.0 141.0 130.0 15.0 41.0 91.0 0.5 0.2 15.0 0.3 10.0 21.0 2.0 7.0 60.0 330.0 20.0 163.0 16.0 2.0 0.2 2.0 0.5 
Average 13.9 1.8 167.5 130.0 11.9 51.4 94.1 0.8 0.2 22.8 0.4 8.5 16.3 1.1 9.4 48.1 296.1 18.8 147.5 14.5 4.5 0.2 1.7 0.6 
DS 3.9 0.5 71.6 83.1 6.5 33.4 67.9 0.7 0.1 16.6 0.2 8.1 4.5 0.3 4.2 15.6 132.6 7.2 89.2 10.3 4.5 0.0 1.3 0.2 
clay1 6.0 1.0 67.0 90.0 6.0 40.0 178.0 3.6 0.3 42.0 0.3 8.0 7.0 1.0 5.0 17.0 847.0 17.0 42.0 9.0 5.0 0.2 1.0 0.5 
clay2 6.0 1.0 64.0 80.0 6.0 38.0 159.0 3.4 0.3 36.0 0.4 5.0 7.0 1.0 5.0 18.0 798.0 18.0 43.0 9.0 5.0 0.2 1.0 0.5 





















KB.06.E.703/5 4.0 123.0 19.7 39.8 4.9 18.8 4.0 0.9 3.5 0.5 2.9 0.6 1.7 0.3 1.7 0.3 2.7 0.7 1.0 0.2 0.4 5.9 3.1 
KB.06.E.703/6 2.6 142.0 18.2 35.3 4.2 16.2 3.2 0.8 3.0 0.5 2.7 0.5 1.4 0.2 1.3 0.2 2.5 0.8 1.0 0.1 0.4 5.0 2.2 
KB.06.E.704/6 3.5 159.0 22.7 46.2 5.7 22.7 4.8 1.2 4.1 0.7 3.9 0.8 2.2 0.3 2.1 0.3 3.2 0.8 1.0 0.1 0.5 6.2 1.9 
KB.06.E.706/1 1.1 1890.0 25.2 34.9 5.1 19.8 4.0 1.1 4.2 0.7 4.3 0.9 2.8 0.4 2.7 0.4 2.1 0.4 1.0 0.1 0.4 4.3 21.0 
KB.05.B.136/5 3.8 143.0 26.7 53.8 6.5 26.0 5.2 1.2 4.9 0.7 4.1 0.9 2.2 0.3 2.3 0.3 3.7 1.1 1.0 0.1 0.4 7.0 2.6 
KB.05.B.146/24 3.2 89.0 52.6 
116.
0 12.6 47.1 9.6 1.9 8.2 1.3 7.2 1.4 4.0 0.6 3.6 0.5 10.6 3.6 1.0 0.1 0.4 10.3 3.5 
KB.06.B.167/4 2.3 447.0 18.8 37.7 4.8 18.6 4.1 1.2 4.0 0.6 3.5 0.7 1.9 0.3 1.8 0.3 2.9 0.9 1.0 0.3 0.4 4.2 2.8 
KB.06.B.427/1 1.0 143.0 16.6 31.3 3.8 14.9 3.0 0.8 3.0 0.5 2.7 0.5 1.6 0.2 1.5 0.2 3.4 0.9 1.0 0.4 0.4 3.9 1.3 
KB.09.B.820.12 2.7 143.0 16.8 33.9 4.4 17.2 3.5 0.9 2.8 0.4 2.1 0.4 1.0 0.2 0.9 0.1 2.6 1.1 1.0 0.2 0.4 4.7 6.2 
KB.10.B.1040/8 4.1 136.0 25.0 50.1 6.1 23.9 5.1 1.2 4.4 0.7 3.9 0.8 2.2 0.3 2.1 0.3 3.5 0.9 1.0 0.1 0.4 6.9 2.7 
KB.11.B.1054/12 3.1 132.0 22.1 41.6 5.5 21.8 4.4 1.0 4.2 0.6 3.3 0.6 1.7 0.3 1.7 0.2 2.9 0.8 1.0 0.2 0.4 6.1 5.6 
KB.10.B.1054/62 2.9 391.0 18.7 35.7 4.6 17.5 3.4 0.9 3.1 0.4 2.4 0.5 1.3 0.2 1.3 0.2 2.6 0.9 1.0 0.2 0.4 5.7 5.3 
KB.11.B.1124/24 3.0 245.0 21.9 45.4 5.3 20.5 4.2 1.0 3.8 0.6 3.2 0.6 1.8 0.3 1.8 0.3 3.3 0.9 1.0 0.1 0.4 6.3 3.9 
KB.05.A.84/3 4.8 800.0 21.8 45.1 5.4 20.9 4.5 1.0 3.9 0.6 3.2 0.6 1.8 0.3 1.9 0.3 3.3 0.9 1.0 0.6 0.6 6.8 3.5 
KB.05.A.6b/1 2.4 531.0 31.1 62.8 7.5 28.5 5.8 1.2 4.9 0.8 4.4 0.9 2.4 0.4 2.4 0.4 5.9 1.2 1.0 0.3 0.7 7.9 2.3 
KB.05.5/D200 3.4 139.0 24.8 49.2 6.1 24.5 5.3 1.2 4.7 0.7 4.1 0.8 2.3 0.4 2.3 0.4 4.1 0.8 1.0 0.1 0.4 6.3 2.2 
KB.06.B.383/7 3.6 146.0 26.9 54.7 6.5 25.9 5.1 1.3 4.8 0.7 4.1 0.8 2.2 0.3 2.2 0.3 4.1 1.2 1.0 0.1 0.4 7.3 4.2 
Average 3.0 341.1 24.1 47.9 5.8 22.6 4.7 1.1 4.2 0.6 3.6 0.7 2.0 0.3 2.0 0.3 3.7 1.1 1.0 0.2 0.4 6.2 4.4 
DS 1.0 442.7 8.3 19.6 2.0 7.4 1.5 0.3 1.2 0.2 1.2 0.2 0.7 0.1 0.6 0.1 2.0 0.7 0.0 0.1 0.1 1.6 4.5 
clay1 0.7 285.0 18.2 33.2 4.2 16.7 3.3 0.8 3.2 0.5 2.9 0.6 1.8 0.3 1.7 0.3 1.7 0.7 1.0 0.1 0.4 3.8 3.1 
clay2 0.8 286.0 17.1 31.9 4.0 15.5 3.3 0.7 3.0 0.5 2.9 0.6 1.6 0.2 1.7 0.3 1.4 0.6 1.0 0.1 0.4 3.8 2.8 





For a detailed understanding of the relationship of the ceramics and the clay raw mate-
rials, the results of chemical analysis were processed graphically and compared with 
chemical data of the clay sampled. 







Figure 43: Binary diagrams of major (wt.%) elements showing chemical composition of pottery samples 
and comparisons with local clay sediments. 
 
The evaluation of the results allows to distinguish two groups of pottery samples: 
Group 1 with high CaO contents (mean 29.52 ± 2.38%) including samples 
KB.09.B.820/12, KB.06.E.703/6, KB.06.B.427/1, KB.06.E.706/1 and Group 2 having 
lower CaO contents with a mean value of 16.49 ± 2.37% formed by samples 
KB.06.E.704/6, KB.05.B.146/24, KB.10.B.1040/8, KB.06.E.703/5, KB.11.B.1124/24, 
KB.06.B.383/7, KB.05.5/D200, KB.05.A.6b/1, KB.05.A.84/3, KB.05.B.136/5, 
KB.11.B.1054/12, KB.10.B.1054/62, KB.06.B.167/4. (Fig. 43 and Table 29). Moreo-
ver, Group 1 shows a lower average content of Al2O3 (8.32 ± 2.08%) with respect to 





























































































































































































6.09 ± 0.88%) and TiO2 (0.49 ± 0.08 with respect to 0.82 ± 0.21%).  Sample 
KB.05.5/D200 (Group 2) shows the highest contents of K2O (4.36%) and Na2O 
(1.06%) among all the analyzed fragments, while sample KB.06.E.706/1 (Group 1) 
has the highest P2O5 value (3%).  
 
Table 29: Major and minor (in wt.%) elements (in ppm) contents of the analyzed potteries obtained by 
chemical analysis divided into the two groups identified. Average values and relative standard deviations 
for group are also given. 
Samples SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 
Group 1           
KB.06.E.703/6 30.840 11.720 4.210 0.036 1.640 28.930 0.830 3.020 0.538 0.520 
KB.06.E.706/1 23.190 7.530 2.950 0.021 0.650 32.750 0.610 1.710 0.379 3.000 
KB.06.B.427/1 28.540 6.080 3.190 0.047 1.320 30.270 0.480 2.770 0.480 0.280 
KB.09.B.820.12 25.290 7.940 4.230 0.019 3.650 26.150 0.600 3.180 0.585 0.300 
Average 26.965 8.318 3.645 0.031 1.815 29.525 0.630 2.670 0.496 1.025 
SD 2.939 2.082 0.581 0.011 1.118 2.382 0.126 0.573 0.077 1.144 
Clay1 37.850 5.280 2.780 0.071 3.680 23.920 1.400 3.200 0.560 2.010 
Clay2 38.370 5.320 2.730 0.070 3.630 23.590 1.440 3.250 0.565 1.920 
Group 2           
KB.06.E.703/5 40.060 17.140 5.250 0.025 1.300 14.480 0.840 4.170 0.664 0.330 
KB.06.E.704/6 55.840 13.120 4.690 0.062 2.110 11.320 0.650 3.160 0.660 0.430 
KB.05.B.136/5 43.920 17.500 5.950 0.060 1.570 18.350 0.690 3.680 0.904 0.490 
KB.05.B.146/24 45.030 15.740 6.860 0.055 2.740 14.090 0.570 2.840 1.290 0.780 
KB.06.B.167/4 38.990 14.330 8.100 0.082 4.340 19.940 1.020 2.270 1.144 0.360 
KB.10.B.1040/8 44.490 18.400 6.620 0.062 1.520 14.460 0.570 4.170 0.861 0.280 
KB.10.B.1054/62 35.900 14.700 6.190 0.021 1.900 18.540 0.540 2.890 0.557 0.380 
KB.11.B.1054/12 35.730 14.150 6.130 0.029 1.490 18.470 0.600 2.890 0.589 0.370 
KB.11.B.1124/24 40.140 16.220 6.120 0.050 1.600 15.900 0.980 3.970 0.725 0.220 
KB.05.A.84/3 40.650 17.770 6.200 0.035 1.850 18.020 0.310 2.930 0.749 0.470 
KB.05.A.6b/1 40.380 12.380 5.890 0.086 1.300 17.190 0.590 2.690 0.885 0.160 
KB.05.5/D200 42.270 12.450 4.850 0.068 2.470 17.020 1.060 4.360 0.702 0.400 
KB.06.B.383/7 45.780 18.410 6.360 0.053 2.320 16.710 0.680 2.920 0.931 0.450 
Average 42.245 15.562 6.093 0.053 2.039 16.499 0.700 3.303 0.820 0.394 
SD 5.176 2.194 0.879 0.021 0.826 2.374 0.217 0.678 0.214 0.151 
 
Concerning trace elements all samples show a quite homogeneous compositions mak-





Ni, Cr, Sr e Ba has been observed. In particular, the higher amount of Cr is observed 
in sample KB.06.E.706/1 (420 ppm) and KB.06.B.167/4 (220 ppm) (the other samples 
show values ranging from 50 to 150 ppm), the same samples show high values of Ni 
content (159 and 107 ppm, respectively) (the other samples range from 23 to 56 ppm). 
KB.06.E.706/1 and KB.06.E.703/6 samples are characterized by high amount of Sr, 
whereas sample KB.06.B.427/1 shows low content of Sr. High values of Zr are detect-
ed in samples KB.05.B.146/24 and KB.05.A.6b/1. Finally, also the amount of Ba 
shows a strong variability, but it is not considered as being probably affected by post 
burial contamination processes (Maggetti, 2001). 
Considering the chemical data of REE (rare earth elements), the chondrite-normalized 
REE patterns (Sun and McDonough, 1989) for representative ceramic samples (Fig. 
44) show an enrichment in light REE (LREE) respect to the heavy REE (HREE). 
Moreover, the overall REE patterns of Khirbet al-Batrawy ceramics correspond to the 
composition of mafic rocks outcropping in the area (Shaw et al., 2003; Mouthfti et al., 
2012 and references therein) further supporting the hypothesis of a local supply of the 
raw material. 
 
Figure 44: Chondrite-normalized REE patterns for representative ceramic samples from Khirbet al-
Batrawy (normalization factor from Sun and McDonough, 1989). 




4.7.1 Statistical analysis of data 
Multivariate statistical techniques were commonly used to define groups among ce-
ramic sherds with different chemical composition, and to develop a classification on 
the basis of the historical period or pottery type. Thus providing an additional instru-
ment respect the usual archaeological stylistic classification (e.g., Hart and Adams, 
1983; Aruga et al., 1993; Mirti et al., 1995; Mirti et al., 1998). Moreover, the statisti-
cal approach can be useful to identify the provenance of pottery sherds comparing 
their chemical composition to that of the clay material collected near the archaeologi-
cal site or to previously studied groups (Mirti et al., 1990; Neff, 1992; Mirti et al., 
1994; Castellano et al., 1996).   
In this study, statistical analysis was performed on chemical composition of matrix of 
twenty-three elements as proposed by Djingova et al. (1990) and Kuleff and Djingova 
(1996) with the addition of Ga, Nb, Y, K, P and Zn of seventeen ceramic samples, of 
two samples of clay material and of one sample collected from a brick. In particular, 
the starting data set was deprived of some chemical components, in particular P2O5 
and Ba, as they could have been affected by post burial contamination processes 
(Maggetti, 2001). Afterwards, data were log10 transformed in order to avoid deleteri-
ous effects of scale effects of clustering results (e.g., V-shaped chemical data; Aruga, 
2003).  
 
Figure 4514: Hierarchical clustering dendrogram representation (average method, euclidean distance) 
based on the chemical composition of (a) pottery sherds, clay material and brick samples and (b) only 
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The dendrogram of (Fig. 45) resulting from the Hierarchical Clustering Analyses (av-
erage method, euclidean distance) enabled to distinguish four groups clearly related to 
the four periods of urbanization of Khirbet al-Batrawy.  
The analysis performed on the total numbers of samples (Fig. 45a) shows that the 
composition of the clay materials and the brick is clearly different from that of the ce-
ramic production, suggesting a different source of the raw material for the pottery 
from Batrawy. In this view, a new dataset, excluding clay samples and brick, was con-
sidered for a cluster analysis. Basing on the previous dendrogram that showed sample 
KB.06.E.706/1 in the same cluster with brick and clay samples, as expected, the re-
sulting dendrongram (Fig. 45b) shows that sample KB.06.E.706/1 has to be consid-
ered as an outlier and to be excluded in the statistical analysis (Baxter, 1999). The 
cluster analysis was performed again considering: a) the contents of major and minor 
elements (Fig. 46a), b) only the values of major elements (Fig. 46b) and c) only those 
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Figure 4615: Hierarchical clustering dendrogram representation (average method, euclidean distance) 
based on (a) the major and trace element chemical composition (b) only the values of major elements and 
(c) only the values of trace elements of pottery sherds excluding the outlier sample KB.06.E.706/1. 
 
In our case, the clusters identified in the dendrograms do not reflect the historical dif-
ferences between the sherds or the different pottery type. For this reason the analysis 
was performed only using the data of the major elements in order to individuate possi-
ble chemical groups connected to the pottery type (Fig. 46b). Also in this case, three 
clusters have been identified; however, differences in the contents of major elements 
of the ceramics are so little marked by not allowing to distinguish the different ceram-
ic productions. This finding further supports the use of the same, or very similar, raw 
material for all the workshops. The statistical analysis of trace elements data for these 
ceramics also did not lead to significantly different clusters and interpretations (Fig. 
46c). Therefore, it seems that a calcareous clay raw material has been used by work-
shops throughout their different operations. 
To further simplify statistical procedures, PCA was carried out. 
The loading plot provides information about the chemical elements that mainly con-
tribute in the differentiation among samples and, consequently, the correlation existing 
among the original variables and the samples. The first six PCs together explain 
93.43% of the total variance of the system (Table 30), where PC1 and PC2 represent 
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Table 30: Results of PCA performed on dataset. 
 
 
Figure 4716: Score and loading plot of PCA model obtained using the results of chemical analysis on 
pottery sherds, clay material and brick samples. 
 
In Fig. 47 the score plot in PC1 versus PC2, explaining the 68.83% of the total vari-
ance, is reported. 
With the exception of the outlier KB.06.E.706/1 (Baxter, 1999), the scores plot shows 
a different chemical composition between the clay, the brick and the pottery samples. 
In particular, the brick present a high content in MgO and the lowest level of CaO. In 
order to prove the different provenance, PCA analysis was performed only on trace 
elements that are the markers of clay materials. As shown in Fig. 48, the results are 





























PC1 52,87 % 
Score plot 
  PC1 PC2 PC3 PC4 PC5 PC6 
Value 14.80 4.47 2.74 2.03 1.11 1.02 
Variability (%) 52.87 15.96 9.77 7.24 3.95 3.64 































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































lier, clay material and 
the brick are located 
out of the pottery cir-
cle, highlighting differ-
ent chemical composi-
tion and different prov-
enance. 
In order to analyze in 
detail the different ce-
ramic samples to iden-
tify possible groups, 
the original data set 
was deprived of clay 
and brick data. The 
new score plot in PC1 
versus PC2 (Fig. 48) 
explains the 63.15% of 
the total variance. 
 
 
Figure 4918: Score plot of PCA model obtained using the results of chemical analysis on pottery sherds. 
 
As expected, in the plot of Fig. 49 the sample KB.06.E.706/1 is an outlier (Baxter, 


































































Figure 17: Score plot of PCA model obtained using the trace ele-











The new PCA plot (Fig. 50) provides information useful to discuss about the relation-




Figure 50: Score and loading plot of PCA model obtained using the results of chemical analysis on pot-
tery sherds divided into the four periods of Batrawy urbanization, excluding the outlier sample 
KB.06.E.706/1. 
 
The score plot in PC1 versus PC2 (Fig. 50) explains the 59.71% of the total variance 
of the system. The low values of percentage reflect a low degree of variability in 
chemical composition among the samples, suggesting the probable use of the same 
raw material in the pottery production.  
The diagram shows the distribution of pottery samples respect to the historical phases 
they belong to. In particular, the EB IIIA phase is characterized by a major variability 
in chemical composition respect to the other phases. This result probably is connected 
to a great experimentation in the pottery production regarding shapes and the choice of 
materials attested in this phase. Indeed, the need to experiment different procedures 
and materials in the pottery production is coherent to the development from a small 
settlement to the city of Batrawy that took place in the EB IIIA. Furthermore, this var-
iability has not been observed in the other phases. In this view, the EB II phase was 














































PC1 42,94 % 

























































































































































































































































































































































































































































































































































































































tery production technology was probably not essential; on the contrary in EB IIIB and 
EB IV phases a serialized production of pottery was developed restricting the choice 
of material and consequently the chemical composition of pottery.  
 
 
Figure 5119: Score plot of PCA model obtained using the results of chemical analysis on pottery sherds 
divided following their pottery types, excluding the outlier sample KB.06.E.706/1. (SW: Simple Ware; 
StW: Storage Ware; RBW: Red Burnished Ware; RPW: Red Polished Ware; KW: Kitchen Ware; KKW: 
Khirbet Kerak Ware). 
 
The diagram reported in Fig. 51 represents the different chemical composition of the 
sherds in relation to the different pottery classes. The KKW fragments are character-
ized by negative values of PC1 and PC2, taking into account a more relevant contribu-
tion of CaO in the PCs loadings. The Storage Ware samples mainly present positive 
values of PC1 and PC2 suggesting a low contribution of CaO and a much more signif-
icant role of SiO2 content. Simple Ware group presents a great variability in PC1 and 
PC2, highlighting high experimentation by the potters for these shapes. KW and RBW 
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Commonly, the investigation of archaeological pottery has been focused on two main 
aspects: to explore the technological process of pottery production and to provide in-
formation about the nature and provenance of raw materials (Cultrone et al., 2001; 
Barone et al., 2002; Sherriff et al., 2002; Maritan, 2004; Rathossi et al., 2004; Iordanis 
et al., 2009; Tschegg, 2009; Velraj et al., 2009; Belfiore et al., 2010). For this reason, 
the discussion chapter has been divided into two paragraphs: “Technological level of 
production” and  “Provenance”. 
The investigation of pottery technology gives an overall picture about ancient societies 
through the use and the level of the pottery production knowledge. Potters engage in a 
series of action (the choice of a particular material, the collection of clay, forming and 
firing and finally the decoration of the pottery) that is defined “chaîne opératoire” and 
reflects the level of material knowledge and broader social identities. 
Potters can decide to use unique clay or a mix of different clays on the basis of the 
properties of the material or the destination of use. They can also add tempers to in-
crease the workability of the raw material or to decrease the firing temperature or in 
connection to the shape and dimensions of the final product. Also, the choice of par-
ticular inclusions rather than others can give information about the level of technology 
of ancient cultures. 
Firing conditions can be analyzed to infer the maximum firing temperature reached 
during the production at that time and give information about the places where pottery 
was fired. 
The second important aspect in the analysis of archaeological pottery is to distinguish 
locally manufactured pottery from those imported and to define the provenance of the 
raw material and in particular the clay used in the production. This aspect of the inves-
tigation allows to discriminate pottery produced in different places and different local 
workshops. 
 
5.1 Technological level of production 
The results obtained with different analytical methodologies and reported in the previ-
ous chapters are here discussed in order to reconstruct the technological aspects of 
pottery production.    
5.1.1 Mineralogical phases and petrographic composition  
According to the results of mineralogical characterization (Appendix C), the ceramic 
from the archaeological site of Khirbet al-Batrawy seems to have a similar mineralog-





among the different types of pottery. The potsherds are mainly composed by different 
amounts of quartz and calcite. The occurrence of such minerals in large amounts may 
be explained considering them as primary minerals present in the starting raw materi-
als as component of clays and/or as tempers voluntary added by potters (Maggetti, 
1982) to improve the workability preventing cracking of the material or to give a 
properly features for a distinctive use of the product.  
Quartz is a very common constituent of numerous rocks types and, being very re-
sistant to weathering, generally occurs in small amounts in natural clay deposits and 
in archeological ceramic made from them (Quinn, 2013); therefore, its addition by 
potters as temper is difficult to be confirmed (Papachristodoulou et al., 2006). 
Optical microscopy analysis of Batrawy ceramic allowed to identify different forms 
of calcite (i.e., crystalline, micritic and sparry calcite); moreover, as constituent of 
fragments of fossils (shells) and fragments of sedimentary rocks (marl and chert) have 
also been observed. Probably calcite was present in clays as inclusions, deriving by 
weathering process of limestones and marls outcropping in the area, as well as tem-
pers added by the potters. In this view, the abundant fragments of fossils observed in 
thin sections suggest a probable use of marls in the raw material. 
Calcite could be preferred as a temper over quartz, especially in the manufacturing of 
tableware (Papachristodoulou et al., 2006), as calcium carbonate temper generally en-
sures a thermal shock resistance necessary for objects exposed to repeated heating and 
cooling cycles during use (Tite et al., 2001; Papachristodoulou et al., 2006). Calcite 
also plays an important role in the flux decreasing of the refractory nature of clay, al-
lowing the decreasing of firing temperature. In particular, high percentages of calcite 
inclusions identified in thin section by the optical study have been observed in frag-
ments of Kitchen Ware and Khirbet Kerak Ware suggesting that the pottery from 
Khirbet al-Batrawy presented high thermal shock resistance and were probably fired 
at low temperatures.  
Alkali feldspar, deriving from igneous and metamorphic rocks outcropping in the 
Khirbet al-Batrawy area, occurs in the studied pottery as inclusions in the original 
clays or tempers voluntarily added by ancient potters. However, the low abundance 
and diffusion of this mineral phase support the hypothesis that K-feldspar crystals 
were naturally included in the original clays.  
The occurrence of hematite in the ceramic matrix was related to the mineralogical 
composition of the starting clay minerals used (e.g., Hradil et al., 2003), or as the re-
sult of reactions that take place during firing in oxidizing atmosphere (Nodari et al., 
2007). The diffuse presence of hematite in the studied pottery has been confirmed by 
the identification in thin sections of diffuse iron nodules. Wieder and Adan-Bayewitz 
(1999) have reported that such nodules were also added as temper in cases where the 




initial material was rich in carbonates, apparently in order to improve the properties of 
the raw material used in pottery production. The use of hematite iron ore is known 
from numerous archaeological contexts as inclusions in the coating of pottery for giv-
ing color during firing or as a flux for smelting (Higham, 1996). However, iron nod-
ules are commonly natural constituents of clay and are abundant identified in archaeo-
logical pottery (Gilead and Goren, 1989; Goren, 1995; Goren, 1996; Goren et al., 
2001; Quinn, 2013). Considering the calcareous composition of the sherds, the pres-
ence of iron nodules may be connected to both the nature of the original clay material 
or to a precise choice of potters.  
Apatite, barite, gypsum, zircon, ilmenite, rutile, anatase, manganese oxides, corun-
dum, lazurite, olivine, pyroxenes have been identified as rare mineral phases and rep-
resent natural aplastic inclusions in clays. Indeed, hydroxides, oxyhydroxides and ox-
ides of iron, aluminum and manganese are the most common accessory minerals 
found in clays (Brindley and Brown, 1980); in particular the presence of zircon can be 
considered an important indicator of the provenance of the raw material (Tochilin et 
al., 2012). Commonly, its occurrence in clay materials could be related to alteration 
processes of igneous and metamorphic rocks. In this view, the presence of zircon in 
the studied pottery sherds further supports the hypothesis that sediments of the Pre-
Cambrian basement were involved as raw clayey materials in the ceramic production 
at Khirbet al-Batrawy. Ilmenite is an accessory mineral typical of igneous and meta-
morphic rocks and its occurrence in the studied pottery could be explained assuming 
the contribution of the basaltic rocks outcropping nearby the site in the formation of 
the clays used for the production of the ceramic. Furthermore, the occurrence of rare 
crystals of olivine could be explained as minerals present in the basaltic rocks of the 
Jordan area (Burdon, 1959). Barite and gypsum can be considered as accessory min-
erals of the raw material, being common minerals in sedimentary rocks.  
Among the aplastic inclusions identified in thin section, grog (crushed pottery or tiles) 
and fragments of basaltic rocks also occur in ceramic sherds of the different historical 
periods.  
In the majority of the sherds, minor amounts of illite have been found by means of 
FTIR and XRD analysis indicating a starting raw material mainly composed by an il-
litic clay.  
Chemical analysis by SEM-EDS pointed out that the chemical composition of the ma-
trix is characterized by high amounts of Si and Al and minor contents of K, Na, Mg, 
Ca and Fe and it is generally similar in all the analyzed sherds. Minor compositional 
differences are attributable to the Ca and Fe contents which sometimes differentiate 





The chemical composition of the potsherds is strictly connected to the source of the 
clays and the other materials used for production. In this view, the amounts of Si, Al 
Ca, Mg, Fe and K confirm the presence of aluminosilcates, quartz, iron oxides and 
feldspars in the raw material. 
The mineralogical composition of ceramics was matched to the definition of shapes 
and size of inclusions. The shape of inclusions was used in the past (Cuomo di Caprio, 
2007) with the purpose to define tempers voluntarily added by potter from those natu-
rally present in the clay as a residue from the original rocks from which the clay de-
veloped by weathering. In this view, rounded inclusions were associated to natural in-
clusions of the clay, whereas those with angular shape to tempers added to improve 
the workability. Nowadays (Cuomo di Caprio, 2007) this distinction has not been used 
yet because it is difficult to distinguish whether coarse grains have been voluntarily 
added or were already being part of the clay. In this view, only the presence of grog 
can be identified as temper voluntarily added to the clay, showing an advanced 
knowledge that consider the role of grog in the workability of the clay. 
In the studied pottery, microscopic analysis shows that the inclusions are usually 
coarse sized and are distributed in an unimodal grain size suggesting no evidences of 
purification process or selection of the raw material by the potters. Furthermore, the 
high variability of manufacturing, supported by the identification of eleven different 
fabrics, suggests that the raw clayey materials used to produce the Batrawy pottery did 
not undergo any purification before the use. Indeed, the final result of the purification 
process is a sort of standardized matrix, without coarse inclusions that prevent the pos-
sibility to identify the provenance of pottery. The absence of purification in the prepa-
ration of the raw material is associate to a low quality of manufacturing. This hypothe-
sis is further supported by the diffuse presence of clay pallets representing lumps of 
the base clay used to produce these ceramics and not adequately mixed in the phase of 
forming.  
Porosity of the ceramic body is similar between the fabrics (a lower percentage of po-
rosity has been observed only in Fabric E-fine calcite) and it is probably due to a low 
time of mixing and modeling which prevented the removal of air from the clay.  
The shape of the voids is usually irregular, elongated and parallel to the walls, some-
times rounded in the central part of the section. Vughs can exhibit a preferred align-
ment parallel to each other and to the margins of the sections, which might be related 
to the phase of drying or forming. The contemporary presence of vughs and vesicles 
and their position in the section, in the external and internal parts respectively, support 
the hypothesis of mixed technique of hand and potter’s wheel. Furthermore, the ab-
sence of any orientation of the minerals in thin section confirms that the intensity of 
shaping the pot on the potters’ wheel was low.  




The results of the optical microscopy study show that pottery fragments belonging to 
the four different periods can be grouped in different fabrics that occurred during the 
time (Figs. 1-2). The distinction allow us to speculate on the relationship between 
shape and pottery type and the fabric identified by microscopic analysis.  
 
Figure 1: Diagram showing the distribution of the fabrics identified by OM in the four phases of Khirbet 
al-Batrawy urbanization.  
 
The Fabric A-calcite, micritic and sparry calcite with vesicles has been identified in 
EB II phase in the fragments of Red Burnished platters.  
Fabric B-clay pallets and fragments of grog has been recognized in the pottery of the 
first three phases of urbanization for jars and pithoi belonging to Simple and Storage 
Ware. Three subgroups (B1, B2 and B3), based on the different percentage of elongat-
ed vughs and on the aspect of the matrix, have been recognized. A general reduction 
of vughs, in the later phases of urbanization of the city, is due to a better pottery pro-
duction and a minor content of clayey material in the matrix, suggesting a major con-
trol and an increasing of firing temperature in the more recent phases.  
Fabric C-calcite and clay pallets has been observed in ceramics of EB II and EB IIIA 
phases. The fragments of this fabric are mainly represented by pottery of Red Bur-
nished and Red Polished Ware.  
The Fabric D-crystals of calcite is observed in EB II and EB IIIB phases in fragments 
of Red Burnished Ware.  
Fabric E-fine calcite has been observed only in EB III phases in fragments of jugs and 
jars. Fabric F-fossils and sedimentary rocks has been observed in EB IIIA and EB IV 
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Fabric G-basaltic rocks and fragments of fossils has been observed for the EB IIIA 
and EB IV phases in ceramic fragments belonging to Red Polished Ware, Simple Pol-
ished Ware and Khirbet Kerak Ware. 
Fabric H-clay pallets, calcite and iron oxides has been observed in Simple and Storage 
jars and pithoi of EB IIIA, EB IIIB and EB IV phases.  
Fabric I- shells is the fabric of hole-mouth pot, belonging to the class of Kitchen 
Ware.  
Fabric L-calcite and micritic calcite has been observed in EB IIIB and EB IV phases 
for jars (Storage Ware) and pots (Kitchen Ware).  
Particular is Fabric M-micritic, calcite and sedimentary rocks that is attested only in 
the EB IIIB phase.  
Finally, Fabric N-clay pallets and rare calcite with mega-vughs is attested for jars be-
longing to EB IV phase. 
The results of microscopic analysis allow to speculate about the relationship between 
fabrics and the evolution of the pottery production. Indeed, during the first phase EB 
II a minor variability in the fabrics have been observed, suggesting a start-up of the 
pottery production in Batrawy. In particular, Fabric A-calcite, micritic and sparry cal-
cite with vesicles, Fabric C-calcite and clay pallets and Fabric D-crystals of calcite are 
observed in the Red Burnished and Polished Ware, whereas Fabric B-clay pallets and 
fragments of grog  to Simple and Storage Ware. The major variability in fabrics has 
been observed in EB IIIA that can be explained with the diffuse experimentation of 
materials and procedures applied in this phase. In this view, the difficulties to correlate 
Fabric E-fine calcite, Fabric F-fossils and sedimentary rocks and Fabric G-basaltic 
rocks and fragments of fossils to a specific pottery types can be explained as a diffuse 
experimentation of material and technology. The Fabric I-shells, with its particular 
features very different respect to the others, is included in this context of experimenta-
tion and testing that characterized this period. In the EB IIIB a sort of standardization 
and selection was observed, as a minor number of fabrics have been identified and 
connected to precise pottery types. Fabric E-fine calcite, present in different pottery 
types in EB IIIA, is associated only to Red Burnished Ware. Fabric H-clay pallets, 
calcite and iron oxides, Fabric L-calcite and micritic calcite and in particular Fabric 
M-micritic, calcite and sedimentary rocks, the typical fabric of EB IIIB production, 
are associated to the diffuse production of Simple and Storage Ware shapes. In EB IV 
phase, no evidence of experimentation has been observed, and the number of fabrics 
decreases maintaining the association between fabrics and pottery types occurring in 
EB IIIB phase.  
The distinction of different fabrics allows to discriminate the coarser pottery usually 
used for storage function from the finer pottery typical of small jars, jugs or fine ce-




ramic, suggesting an aware choice due to the final destination. Moreover, Storage 
Ware fragments present a major chemical variability respect to the Simple Ware frag-
ments, suggesting a minor care in the choice of the used material and proportion be 
tween clay and inclusions.  
  
 
The low values of the variance percentage, obtained in the statistical treatment of  
FTIR data, further supports the hypothesis of a very limited variability in the miner-
alogical composition of sherds belonging to different historical periods. The scores 
plot (Figs. 20-21, chapter 4), shows that the majority of samples are grouped into an 
unique cluster, highlighting that samples are characterized by the same composition. 
The score plot that consider the different pottery type allow to attribute KKW samples 
to the same local production of the Khirbet al-Batrawy ceramic industry. This finding 
allows to infer that the technological process and the raw material used in the produc-
tion of ceramic probably did not change during the phases of Batrawy urbanization.  
Even if no changes in the supply of raw material and technology have been observed, 
the high variability of fabrics suggest that the raw materials (clay and inclusions) were 
selected on the basis of the pottery function and destination. However, during the long 
history of Batrawy only a low increasing in the technology has been observed. 






On the basis of the results of the present study it is possible to infer that the raw mate-
rial used by the potters at Khirbet al-Batrawy was an illitic clay containing quartz, cal-
cite, feldspars and minor amounts of iron oxides and hydroxides. It is noteworthy that 
the statistical analysis of chemical data highlights that the chemical composition of the 
bricks used in the walls of the city is clearly different from that of the pottery frag-
ments. This finding indicates a different choice in the raw material used in pottery 
production from that used in the production of building materials.   
The variability of fabrics suggests that the raw materials, i.e. clay/inclusions ratio, 
were selected on the basis of the pottery function, although no changes in the supply 
of raw material and technology have been observed. The general similarity in the min-
eralogical composition of pottery, confirmed by the statistical analysis performed on 
spectroscopic and chemical results, supports the hypothesis that during the history of 
the city the technological background did not apparently evolve. However, the analy-
sis of fabrics allows to draw a whole picture about the evolution of technology in pot-
tery production. The process is characterized by an initial research and study of mate-
rials and shape, continuing through a major and diffuse experimentation in the use of 
materials and procedures of modeling, to finish with a sort of standardization and se-




In order to define the firing conditions, the evaluation of time of heating, temperature 
and redox state of the atmosphere are needed.  
Commonly, archaeologists discriminate between “kiln firing” to “open firing” (Bon-
fire or Pit) (Rye, 1981; Tite, 1995; Kingery, 1997). “Kiln firing” includes structures 
with a firebox and it is assumed a high maximum firing temperature, slow heating 
rates, long permanence times and variable redox conditions which are usually oxidiz-
ing (Maritan et al, 2006). The term “open firing” generally indicates every other type 
of structures. Bonfire is characterized by open firing with vases surrounded by fire, 
whereas the Pit presents ceramics put into an hole with fuel that surrounds the vases.  
The Bonfire procedures present much more difficulties in the maintenance of tempera-
ture rather than the Pit (Maggetti et al, 2011). Conversely, Pit firing is characterized 
by low maximum firing temperature, fast heating rates and short duration of firing, 
usually in reducing conditions (Rye, 1981; Gosselain, 1992). In this view, the “firing 
methodology” applied is mainly influenced by the structure used and the ceramic 
products obtained by these two type of “firing” are characterized by different 
firing features.  
 




5.1.2.1 Maximum firing temperatures 
The firing phase deeply modifies the mineral composition of the worked raw material. 
Indeed, the decomposition of clays involves a series of reactions with the “free com-
pounds”, deriving these latter from the breakdown of tempers or inclusions, to form 
new mineral phases that depend on the nature of the raw material, the maximum fir-
ing temperature and the oxygen fugacity during heating process.  
A preliminary information about low or high firing temperatures can be obtained by 
the results of optical microscopy in thin section and in particular by the analysis of the 
optical state of clay minerals in cross-polarized light illumination. In the case of Khir-
bet al-Batrawy pottery, the observation of the change (activity) of matrix color during 
the rotation of the stage can be an indicator of a pottery fired at temperatures below 
850 °C. 
Experimental data on thermal transformations during firing have been treated using 
FTIR by many authors (Russel, 1987; Murad and Wagner, 1998; Venkatachalapathy 
et al., 2002; Madajova, 2003; Manoharan et al., 2007; Venkatachalapathy et al., 
2010). FTIR spectra obtained for the Khirbet al-Batrawy potteries have been com-
pared to the results of the above data treatments to investigate the structure, bonding 
and chemical properties of clay minerals. 
Usually, during firing the expandable layer silicate of clay materials collapses; the 
band at 915 cm
-1
, connected to Al(OH) vibrations in the octahedral sheet structure, 
decreases with the increasing temperature to disappear at about 500 °C (Hlavavy et al. 
1977; Ramasamy and Kamalakkannan, 1987). The destruction of the clay structure is 
generally marked by the appearance of a broad symmetric band at 1030 cm
-1
 for the 
red clay and at 1080 cm
-1
 for white clay (Ghosh, 1978).  
In our FTIR spectra no samples showed the absorption band at 915 cm-1, suggesting 
that probably they have been fired at temperature above 500 °C (Velraj et al., 2009; 
Venkatachalapathy et al., 2010). According to Mendelovici et al. (1979) the absorp-
tion band around 3630 cm
-1
 is due to crystalline hydroxyl groups which remain only 
up to 800 °C. The absence of hydroxyl bands at 3630 cm
-1
 and the presence of a broad 
symmetric band centered around 1030 cm
-1
 in almost all the FTIR spectra of the stud-
ied potteries indicate that the samples have been fired above 800°C and are made up 
of disordered clay (Venkatachalapathy et al., 2010).  
Another method to estimate the maximum firing temperature by FTIR results, pro-
posed by Shoval (1994) and Damjanovi et al. (2010), is based on the identification of 
the position of the broad Si-O stretching bands at about 1000 cm
-1
 due to the contribu-
tions from various silicate minerals. Indeed, Si-O vibrations in the distorted SiO4 tet-
rahedra in amorphous phases and structural changes, that are produced during firing, 





with the increase of the firing temperature. In particular, at 700 °C a single peak with 
the maximum at 1042 cm
-1
 was found, at 800 °C two maxima were observed at 1050 
and 1078 cm
-1
 and at 900 °C a single band appeared at 1082 cm
-1
. Damjanovi et al. 
(2010) in the analysis of the medieval pottery excavated at Stari (Serbia) confirmed 
and further improved the results investigating the Si-O stretching shift at different 
temperatures. At 100 °C the maximum was observed at 1026 cm
-1
, at 1036 cm
-1
 at 
600 °C and at 1038 cm
-1
 at 700 °C. A splitting of the band was observed at 800 °C at 
1043 cm
-1
 and 1076 cm
-1
, whereas a single band was found at 900° C at 1082 cm
-1
 
and at 1000 °C at 1082 cm
-1
.  
The tentative assignments of FTIR peaks to vibrational band of quartz are shown in 
Table 1. On the basis of Si-O stretching bands position, the spectra of Khirbet al-
Batrawy fragments can be divided into two groups: the first characterized by the typi-
cal Si-O stretching band at 1080 cm
-1
 and the second showing the splitting of the band 
at 1050 and 1080 cm
-1
. According to the literature data it is possible to hypothesize a 
firing temperature above 800 °C for the samples showing the Si-O stretching band at 
1080 cm
-1
; on the contrary, the samples with the band split at 1050 and 1080 cm
-1
 
could be related to a lower firing temperature, estimated at about 800 °C. 
 
Table 1: Assignments of FTIR peaks to vibrational bands of quartz of pottery samples (* 





    
STD* 1160-1165 1080-1082 1050 797 778 693-695 512 
EB II 
KB.06.B.392/8 sh 1080 - 797 779 695 512 
KB.06.E.703/5 sh 1080 1052 796 779 694 - 
KB.06.E.703/6 1060 1080 - 799 779 696 510 
KB.06.E.702/10 1060 1080 1051 798 779 696 - 
KB.06.E.704/1 sh 1080 - 797 778 694 - 
KB.06.E.704/6 sh 1080 1053 797 777 695 510 
KB.06.E.706/2 sh 1080 1050 798 779 695 - 
KB.06.E.706/1 sh 1080 1050 797 778 695 - 
EB IIIA 
KB.05.A.58/1 1161 1079 1054 796 778 694 516 
KB.05.A.64/1 1161 1079 1049 796 778 694 513 
KB.05.B.126/1 1163 1079 1050 796 778 694 516 
KB.05.B.126/3 1162 1079 1050 796 778 694 516 
KB.05.B.136/3 1160 1081 - 796 778 696 - 
KB.05.B.146/1 1162 1079 1050 796 778 694 516 
KB.05.B.146/5 - 1079 1050 - - - - 
KB.05.B.146/7 1160 1080 1054 797 778 696 - 
KB.05.B.146/8 1160 1079 1050 - - - 511 




KB.05.B.146/15 1160 1079 1049 797 781 694 513 
KB.05.B.146/24 1160 1079 1052 797 778 694 516 
KB.06.B.167/4 1160 1080 1053 797 778 694 516 
KB.06.B.413/2 1160 1080 - 797 778 694 - 
KB.06.E.701/2 1160 1080 1046 797 778 696 515 
KB.06.E.703/3 1160 1080 
 
797 778 696 515 




    
STD* 1160-1165 1080-1082 1050 797 778 693-695 512 
KB.08.B.805/6 1160 1080 1050 797 778 696 516 
KB.09.B.820/10 1160 1080 - 797 778 696 512 
KB.09.B.820/12 1160 1080 - 797 778 696 514 
KB.09.B.820/13 1160 1080 - 797 778 696 510 
KB.08.B.805/32 1160 1080 1050 797 778 696 515 
KB.08.B.805/34 1160 1080 1048 797 778 696 511 
EB IIIB 
KB.05.A.204/3 1165 1080 1046 798 777 694 511 
KB.06.A.120/6 1162 1083 - 799 778 696 506 
KB.11.B.1054/21 1162 1080 - 799 778 696 518 
KB.10.B.1054/24 1162 1080 - 799 778 696 509 
KB.10.B.1054/62 1162 1080 - 799 778 696 500 
KB.11.B.1124/3 1162 1080 1049 799 778 696 515 
KB.11.B.1124/8 1162 1080 1047 799 778 696 509 
KB.11.B.1124/15 1162 1080 1051 799 778 696 510 
KB.11.B.1124/29 1162 1079 1047 799 778 696 508 
KB.11.B.1124/33 - 1080 1046 799 778 696 510 
KB.11.B.1128/50 1162 1080 1047 799 778 696 509 
KB.11.B.1128/51 1162 1080 - 799 778 696 509 
KB.11.B.1126/65 1162 1080 1046 799 778 696 511 
EB IV 
KB.05.A/D200 1166 1080 1050 798 777 694 511 
KB.05.A.18/5 1160 1079 1053 798 777 694 512 
KB.05.A.6b/1 1164 1080 1046 798 777 694 518 
KB.05.A.21/27 - 1080 - 798 777 694 - 
KB.05.A.31/2 - 1080 1046 798 777 694 516 
KB.05.A.62/1 1162 1080 1055 798 777 694 516 
KB.05.A.68/2 1161 1080 1049 798 777 694 511 
KB.05.A.82/4 1164 1079 1050 798 777 694 513 
KB.05.A.84/3 1168 1080 - 798 777 694 511 
KB.05.A.88/1 1162 1080 1047 798 777 694 - 
KB.05.A.96/1 1166 1080 1048 798 777 694 513 
KB.05.A.98/1 1161 1080 1056 798 777 694 512 






It is also possible to estimate the maximum firing temperature considering the miner-
alogical assemblages identified in the pottery fragments and comparing the results to 
those obtained by experimental works (Riccardi et al., 1999; Aras, 2004; Maritan et 
al., 2005, 2006).  
The distinction between primary minerals, newly formed minerals and secondary 
minerals connected to the burial environment using XRD allowed to recognize the 
following mineral assemblages in the pottery from Khirbet al-Batrawy (Table 2). 
 
Table 2: Mineralogical assemblages and relative firing temperature estimated taking into account the 
thermal decomposition of the minerals, divided into the four periods of urbanization of Khirbet al-
Batrawy. Temperatures below 900 °C can be inferred for the mineralogical assemblages without hema-
tite, diopside and gehlenite; the occurrence of hematite moves the value of temperature in the range 750-




calcite + quartz ± feldspars <900 °C 
calcite + quartz + gehlenite + hematite ± feldspars ± gypsum 800-900 °C 
calcite + quartz + illite + hematite ± feldspars ± gypsum 750-900 °C 
EBIIIA 
calcite + quartz + illite + gehlenite + diopside + hematite ± feldspars 800-900 °C 
calcite + quartz + illite + gehlenite + diopside + hematite ± feldspars ± epidote 850-900 °C 
calcite + quartz + illite ± feldspars ± epidote <900 °C 
calcite + quartz + illite + hematite ± feldspars 750-900 °C 
quartz + gehlenite + diopside + hematite ± feldspars ± gypsum 900-1050 °C 
EBIIIB 
calcite + quartz + illite + hematite ± feldspars 750-900 °C 
calcite +quartz+illite+gehlenite+hematite±feldspars±gypsum 800-900 °C 
calcite +quartz+gehlenite+diopside+hematite±feldspars 850-900 °C 
calcite + quartz + illite ± feldspars <900 °C 
EBIV 
calcite + quartz + illite + hematite ± feldspars 750-900 °C 
calcite + quartz + illite + hematite + gehlenite + diopside ± feldspars ± epidote 850-900 °C 
calcite + quartz + illite + gehlenite + hematite ± feldspars ± epidote 800-900 °C 
calcite + quartz + illite ± feldspars ± epidote <900 °C 
quartz + gehlenite + hematite ± feldspars ± gypsum ± epidote 900-1050 °C 
 
The number of mineralogical phases present in a ceramic material is much higher 
than those predict by Gibbs’ Phase Rule; moreover, a rapid heating (very likely in the 
ancient ceramic materials) induces significant overstepping in minerals reactions, 
preventing the formation of stable mineralogical phases and facilitating the formation 




of metastable ones. Therefore, the reactions that take place between tempers and clay 
minerals during firing are not at the equilibrium conditions, but the compositional dif-
ferences from site to site create “microsites” in which local equilibria produce differ-
ent mineral assemblages. Considering that at constant values of variables, starting 
from different compositions, different mineralogical assemblages are formed (Ric-
cardi et al., 1999; Cultrone et al., 2001; Nodari et al., 2007), a preliminary estimation 
of firing temperature has been proposed interpreting the mineralogical data and com-
paring them to literature data. 
In particular, the presence or absence of specific minerals can be used as indicator to 
define the maximum firing temperatures. In this work, information about the maxi-
mum firing temperatures has been obtained taking into account the presence or ab-
sence of primary calcite, hematite, illite, diopside and gehlenite in the studied sam-
ples.  
The decomposition of calcite follows the reaction (1) for small sized crystals (Shoval, 
2003) and, producing free CO2, determines a loss in weight of about 12%, and in turn 
the formation of secondary porosity that can be filled, at high temperature, by neo-
formed silicates minerals (Duminuco et al., 1998). 
 
CaCO3  CaO + CO2                        (1) 
 
In this view, calcite is an important indicator of firing temperature: its thermal de-
composition into CaO and CO2 begins around 650 °C and it is completed at about 900 
°C (710-950 °C in O’Gorman and Walker, 1973; 850° C in Duminuco et al., 1998, 
Maritan et al., 2006, Maritan et al., 2007; 650-800 °C in Trinidade et al., 2009). At 
the upper limit temperature, at about 850-900 °C (Riccardi et al., 1999; Maritan et al., 
2006; Trinidade et al., 2009) the process results in the formation of calcium silicate or 
calcium aluminum silicates, such as gehlenite and pyroxenes.  
The identification of calcite with the typical features of primary phases in the studied 
samples allows to estimate the firing temperature in a range below the temperature of 
thermal decomposition of calcite. This results is confirmed by the optical inactivity of 
clay matrix which suggest a firing temperature lower than 850 °C. 
Minor amounts of illite have been found in the sherds from Khirbet al-Batrawy. Clay 
minerals, such as illite, are dehydrated by the removal of the hydroxyl groups of the 
silicate lattice at temperature ranging between 459 and 900 °C (Jordàn et al., 1999; 
Iordanidis et al., 2009). 
In the upper temperature range, between 800 and 900 °C, the free CaO reacts with sil-
ica and alumina, from the breakdown of clay minerals, to form calcium silicates such 





gehlenite (Duminuco et al. 1998; Riccardi et al. 1999; Aras, 2004; Rathossi and  Pon-
tikes, 2010; Barone et al., 2011; Shoval and Nathan, 2011). 
The estimation of firing temperature needs to consider the mineralogical and chemical 
composition of the original clays. The results of chemical analysis of Khirbet al-
Batrawy pottery suggest that the clay material was Ca-enriched thus, the products of 
the thermal reactions can be identified considering the ACS diagram (quartz-calcite-
corundum, Fig. 3).  
In the case of the coarse-grained and Ca-
enriched pottery of Batrawy, gehlenite 
has been identified and it formed around 
the grains of carbonate inclusions (Ve-
niale, 1990), that cannot happen in ce-
ramic with small grain size (Maggetti 
and Kupfer, 1978). 
The formation of gehlenite as shown in 
Eq. (2) is due to the reaction between 
CaO (from carbonates), Al2O3 and SiO2 
(from clay minerals) (Cultrone et al., 
2001) and it takes place between 750 
and 850° C (De Benedetto et al., 2002), 
depending on the SiO2 concentration in 
the system. 
              
   
KAl2(Si3Al)O10(OH)2 + 6CaCO3  3Ca2Al2SiO7 + 6CO2 + 2H2O + K2O + 3SiO2       (2)  
       gehlenite  
 
When the amount of SiO2 is low, the thermal stability is reached at 850° C while at 
higher content of SiO2, the equilibrium temperature reduces to 800° C (Riccardi et al., 
1999; Traoré et al., 2000; Rathossi et al., 2004). Moreover, if the clay component is 
represented mainly by illite, the temperature range increases up to 800-1050 °C 
(Duminuco et al., 1998).  
Gehlenite is stable at temperature up to 950° C in presence of wollastonite or decom-
poses to wollastonite and anorthite in presence of enough silica to react (Riccardi et 
al., 1999).  
Therefore, the occurrence of gehlenite suggests the probable use of clay materials 
plus calcium carbonates naturally or voluntarily added in the clayey materials (Peters 
and Iberg, 1978; Perez-Monserrat et al., 2012).  
Figure 3: ACS diagram ( Al2O3 - (CaO + MgO)-
SiO2), from Nodari et al., 2007 Fig. 4 modified. 




The absence of calcite and the predominance of gehlenite in the experimental re-firing 
would suggest a firing temperature under 950 °C for Khirbet al-Batrawy samples. 
However, the duration of firing and the controlled conditions of temperature in mod-
ern kilns cannot be compared to the ancient heating process. In this view, the small 
quantities of gehlenite in the Batrawy samples seems to suggest its initial formation in 
the temperature range between 800° and 950°C. The probable maximum firing tem-
perature was about 950 °C, but maintained for a very short time that did not allow the 
complete decomposition of calcite. Conversely, the samples in which gehlenite has 
not been found, were fired at lower temperature than 800 °C. 
Diopside and anorthite, forming at temperature close to 900° C, result from the reac-
tion between clay minerals, quartz and calcite (Maritan et al., 2006); in particular be-
tween quartz and gehlenite being this latter an intermediate mineral that is unstable in 
presence of SiO2 (Trindade et al., 2009). The occurrence of diopside in the ceramic 
samples contributes to estimate the firing temperature as its crystallization starts at 
temperatures higher than 850 °C as a product of the reaction between clay minerals 
and calcium carbonate.  
Results of experimental works explained that the increasing of feldspars with the 
temperature (in both pit and kiln firing) is the result of the continuous reaction (3) 
(Maritan et al., 2006): 
 
0.4 KAl2(Si3Al)O10(OH)2 + 1.2 CaCO3  0.4 KAlSi3O8 + 0.6 Ca2Al2SiO7 + SiO2 + 1.2 CO2 + 1.6 H2O           (3)  
  
(Peters and Iberg, 1978; Dondi et al., 1995; Duminuco et al., 1996, 1998). 
The occurrence of illite as rare mineral phase in the studied pottery indicates an in-
complete collapse of clay minerals, supported by the scarce occurrence of gehlenite. 
Moreover, gehlenite would be transformed into plagioclase and diopside reducing the 
amount of this mineralogical phase in pottery fragments.   
 
       Ca2Al2SiO7 + SiO2  CaMgSi2O6 + CaAl2Si2O8                                    (4) 
gehlenite+quartz→diopside+anorthite 
 
During firing, hematite is formed in oxidizing atmosphere conditions for the availabil-
ity of free iron due to the collapse of the clay minerals (Nodari et al., 2007) and the 
replacement of aluminum by iron at temperature around 600-750° C (Maniatis and 
Tite, 1981; Komadel, 2003).  
Titanium oxides were used in the past as markers to estimate the firing temperature. 
Indeed, at low temperature anatase is the most common polymorph of titanium diox-





rutile (Bouzidi et al., 2013). Therefore, the presence of anatase may indicate a firing 
temperature lower than 900 °C (Gennari and Pasquevich, 1999). Several studies (His-
hita et al., 1983; Gennari and Pasquevich, 1999; Sendova et al., 2005; Raškovska et 
al., 2010; Liou et al., 2011) demonstrated that different origin and environmental 
conditions could interfere on the temperature transition, making titanium oxides use-
less as thermometers. Indeed, the presence of rutile can be related not only to the 
above phase transition, but also to accessory mineral present in the original clays 
(Gennari and Pasquevich, 1999).  
A low firing temperature has been confirmed by electron microscopy results that 
identified a low degree of vitrification for the Batrawy samples. According to Velray 
et al. (2009), the firing temperature, the atmosphere in the kiln and the chemical com-
position of the raw material, especially its calcium and iron contents, determine the 
extent of the vitrification of clays. Basing on the composition of the sherds (calcare-
ous or non-calcareous) and in particular of the vitrification structure developed during 
firing, it is possible to assign the samples to one of the vitrification stages proposed by 
Maniatis and Tite (1981) that are associated to the firing temperatures employed in 
the manufacture of the pottery. 
In calcareous clay (CaO>6%), the vitrification is limited by the formation of crystal-
line phases of high temperature (anorthite, gehlenite, wollastonite and diopside). 
Samples from Khirbet al-Batrawy did not present a vitrification structure but signs of 
an initial vitrification stage, according to the definition of Maniatis and Tite (1981). 
Experimental results (McConville et al., 2000; Rathossi and Pontikes, 2010) pointed 
out that sintering stage in clay-calcite mixtures starts at around 950° C. In this view 
the results of this study suggest a firing temperature in the pottery from Batrawy be-
low this temperature, thus testifying a low degree of technology. On the basis of elec-
tron microscopy results, we can infer that the low degree of vitrification observed in 
Batrawy samples indicates low firing temperatures in a range between 800 and 950° 
C. 
Considering the mineralogical assemblage identified in the Khirbet al-Batrawy frag-
ments, the information drawn by the FTIR vibrational assignments (of Al(OH) in the 
octahedral sheet structure and of the Si-O stretching) and the vitrification stage of the 
matrix, a firing temperature lower than 900-950 °C can be inferred; in particular, this 
range can be limited between 850-950 °C in the sherds in which diopside has been de-
tected. In this view, the concurrent presence of diopside, illite and calcite in several 
ceramic samples suggests a firing temperature range consistent with that of the phase 
transitions of these mineral phases, from 850 to 950 °C. The samples of EB II phase 
represent an exception as the absence of any firing mineral, such as diopside, clearly 
indicates low firing temperature, estimated lower than 850°C.  




This finding draws to the hypothesis that during the history of Khirbet al-Batrawy a 
limited evolution in the control of firing temperature developed. The inferred decrease 
in the range of temperature of pottery from EB II to EB IV phases suggests a major 
control of temperature conditions and a major duration of firing process.  
5.1.2.2 Firing atmosphere 
A preliminary indication of firing atmosphere is provided by the color of ceramic 
body. The total amount of iron in the raw material and the redox conditions are the 
main factors that drive the color of ceramic. The color is deeply connected to the at-
mosphere condition firing so red-orange matrix is usually related to an oxidizing at-
mosphere, whereas black-gray to reducing firing condition. During firing, clay mate-
rials change their color in response to atmosphere conditions which control the pres-
ence of the different forms of iron oxides; however, as reported in the literature, the 
presence of small-sized CaCO3 crystals could play an important role.  
In calcareous clays, CaO formed by the decomposition of CaCO3 at temperature 
above 750 °C reacts with iron oxides and free ions deriving from the collapse of clay 
minerals. These reactions produce a decrease in the size of iron oxides crystals and 
consequently the bleaching of the ceramic matrix from red to pink, and cream for 
temperature above 850 °C (depending on the percentage of CaCO3 and iron oxides in 
the starting raw material) (Nodari et al., 2007). In particular, the pale creamy color is 
typical of ceramic produced by firing of calcareous clay at low temperature (Papa-
christodoulou et al., 2006).  
Macroscopic analysis gives preliminary information about firing condition; indeed, 
color differences of the matrix, analyzed in the cut cross section, might be due to dif-
ferent atmosphere conditions during firing.  
Five potsherds color types are distinguished in the pottery from Khirbet al-Batrawy: 
a) red with black core 
b) gray 
c) red-brown  
d) color variable in cross section 
Jordan potteries present a great variability in color matrix and it is not possible to dis-
tinguish samples of different phases of Khirbet al-Batrawy urbanization or different 
types of pottery basing on the color matrix.  
Macroscopic data highlight that the majority of Jordan potteries show red-brown col-
or that allow to hypothesize a diffuse oxidizing atmosphere during firing.   
The occurrence of hematite in the matrix may be related to the forms Fe3O4 and 
Fe(OH)3 naturally present in the starting clay minerals used (Hradil et al., 2003; 





ides during firing, giving much more red colors to the ceramic body (Molera et al., 
1998).  
In our red samples, along with hematite, Raman spectra showed the presence of mag-
netite, that in oxidizing atmosphere, convents into hematite. The occurrence of mag-
netite is probably due to an incomplete transformation process of Fe3O4 to Fe2O3 in 
oxidizing atmosphere during firing (Harrel and Russel, 1967; Lofrumento et al., 
2004) or to uncontrolled status of the fugacity of oxygen (Lofrumento et al., 2004)..  
In addition to the conditions of the atmosphere, also firing temperature can affect the 
presence of magnetite and hematite in the ceramic. In particular, at about 200°C the 
transformation from magnetite α-Fe3O4 to maghemite ɣ-Fe2O3 has been observed, and 
at about 400 °C that of maghemite ɣ-Fe2O3 to hematite α-Fe2O3 (Lofrumento et al., 
2004). 
“Black core” structure, the typical sandwich structure characterized by a black-gray 
reduced core and a reddish oxidizing margin (Nodari et al., 2004), is usually associat-
ed to firing in reducing conditions with an oxidizing cooling stage, where the dark 
core is reduced during firing and at the end, when the fuel is finished, the oxygen 
comes into the ceramic body and oxidizes the carbonaceous particles in the margin, 
resulting in the formation of hematite (Maggetti et al, 2011).  




, in particular to the 
presence of magnetite (Fe3O4), wustite (FeO) in the paste (Harrel and Russel, 1967), 
or uncombusted carbon particles (Letsch and Noll, 1983), the red and beige margin 
color is probable due to hematite (α-Fe2O3) and Fe-Ca silicates, respectively 
(Kreimeyer, 1987; Molera et al., 1998; Maritan L., 2004). The red and beige color of 
the margins is due to the occurrence of hematite and Fe-Ca silicates, respectively 
(Kreimeyer, 1987; Molera et al., 1998; Maritan, 2004); in particular, the pinkish or 
reddish hues of the margin is probably connected to different proportion of hematite 
and maghemite which respectively contribute with their red and brown colors. Indeed, 
during firing the decomposition of Fe-bearing clay minerals probably causes the for-
mation of amorphous phases that reduce the porosity and consequently the permeabil-
ity of ceramic paste. In this situation, the growth of oxidized mineral phases with ex-
panded octahedral structure is inhibited explaining the high content of Fe(II) in the 
cores.  
Analytical studies revealed that sandwich structure pottery can be associated to dif-
ferent combinations of redox conditions and bulk chemical composition of raw mate-
rial (Nodari et al., 2004). Moreover, the sandwich structure was experimentally ob-
tained by the firing of clays rich in organic matter under oxidizing atmosphere (Picon, 
1973; Rye, 1981; Maritan, 2002) or in kiln having oxidizing atmosphere, a low heat-
ing rate and a long residence time (Maritan et al., 2006).  




Jordan pottery fragments with the “black core” have been carefully examined in areas 
of the ceramic body showing different colors. These fragments present magnetite and 
amorphous carbon in the dark central body and hematite in the margins and EDS anal-
ysis revealed that the chemical composition of the cores and margins is very close. 
This finding suggests that the different colors are probably the result of different redox 
states of the atmosphere developed during firing, further supporting the results of pre-
vious studies.  
Samples with gray color matrix, containing abundant carbon and magnetite, are asso-
ciated to reducing conditions that are typical of pit firing with low maximum firing 
temperature, fast heating rates and short duration of firing (Maritan et al., 2006). In 
this conditions hematite in reducing atmosphere reacts with CO resulting in the for-
mation of magnetite according to the following equation: 
 
3Fe2O3 + CO  2Fe3O4 + CO2                           (5) 
 
Gray or dark color matrix is not very diffuse in pottery samples from Batrawy, but it 
is mainly present in the KKW samples highlighting probably a particular procedure 
technique of these specialized pottery.  
Some of the studied samples present a variability of the color in thin section. Fre-
quently the variation in color is associated to a particular shape, in handles rims or ba-
ses. For example, sample KB.06.E.703/5 (a handle of a jar) has light red color in the 
core and dark red in the margins. The light red color in the core is typical of ceramic 
produced firing calcareous clay at low temperatures with reducing conditions in the 
final phase of the firing or during cooling (Iordanidis et al., 2009). It is possible that 
the fragment was the product of calcareous clay with low content of organic material, 
fired in a partial oxidizing atmosphere with an oxidizing cooling phase that promoted 
the development of a color much more reddish in the margin. Moreover, in section the 
sample shows a small dark area in the junction between the handle and the body, 
where probably oxygen did not penetrate in the body, preventing the complete com-
bustion of the organic material.    
Organic material has been identified in the studied pottery samples in addition to 
mineralogical phases. Raman spectra revealed the presence of amorphous carbon 
showing an elevate disorder (Fig. 4) without the peak at about ~971 cm
-1 
due to phos-
phate ion present in bones and ivory (Van der Weerd et al., 2004). The presence of 
carbon in the studied ceramic may be due to the use of organic material as fuel that 





Jordan pottery presents a great variabil-
ity in the color of matrix, suggesting 
different atmosphere conditions in the 
different cases. However, no evident 
relationship has been recognized be-
tween the redox state of the atmosphere 
and phases of Batrawy urbanization or 
between the different types of pottery. 
Moreover, the extreme variability of 
the color in the same sample in thin 
section suggests that they were incom-
pletely oxidized probably due to a short 
firing duration, or reduced and rapidly 
cooled in air. The heterogeneous results 
indicate uncontrolled firing conditions, 
which were frequent in open kiln, where the control of temperature and the diffusion 
of oxygen were difficult to monitor and keep constant. 
 
5.1.3 Decorations and superficial treatments 
Decorations and superficial treatments of the studied Jordan ceramics show an evolu-
tion during the long history of Batrawy. In particular, the EB II Red Burnished and 
Red Polished Ware were attested. The results of the analysis of the red color showed 
that hematite is the main coloring substance. The red slip having clayey nature did not 
undergo vitrification, due to the low firing temperature developed, resulting, there-
fore, porous and permeable to the fluids. It was usually obtained diluting non-
calcareous clay with high amount of iron oxides in water to obtain a homogeneous 
suspension that was applied by immersion or by brush.  
The EB IIIA phase shows a diffuse experimentation in the decorations of the pottery: 
burnishing, polishing and painting are largely attested in this phase. Concerning the 
superficial decorations of Jordan pottery, micro-Raman spectroscopy allowed to iden-
tify the pigment used on the surface; hematite has been found in the red areas, where-
as black pigment was due to amorphous carbon. The superficial decorations have also 
been investigated by XRD; however, the thin thickness of the coating and the limited 
quantities found in the potsherds generally affected negatively the analytical charac-
terization of the materials used in surface decorations. The abundance of quartz and 
calcite in the layer below the decoration hides in XRD patterns the features of the 
mineralogical phases used as pigments. Indeed, the identification of the pigments in 
the pottery decorations of the EB IIIA group by XRD analysis failed due to the high 
Figure 4: Representative Raman spectra of amor-
phous carbon.  




background of XRD patterns, although only the powder of the decorations scrapped 
by the surface of the samples was analyzed in order to minimize the matrix interfer-
ence. 
The red or brown slips occurring on the surface of some samples of EB IIIA phase, 
the so called Khirbet Kerak Ware, have been analyzed by SEM. The results did not 
show traces of gloss layer or thin layer with different chemical composition and tex-
ture; this finding confirms the use of burnishing or polishing as superficial treatments. 
This procedure does not involve the use of a selected fine clay added on the surface or 
a particular firing process, but it is connected to mechanic hand-burnishing that al-
lows the alignment of particles parallel to the surface, giving a lustrous aspect. 
The last two phase (EB IIIB and EB IV) developed a new kind of decoration mainly 
based on combed, applied and punctuate decoration. 
 
5.1.4 Burial conditions 
In the studied pottery post-burial processes resulted in the formation of secondary 
mineral phases such as gypsum, bassanite, calcite, lepidocrocite and goethite. They 
are probably the result of mineralogical changes due to the interaction between the 
ceramic and aqueous solutions circulating in the burial environment (Heimann and 
Maggetti 1981; Maggetti, 1982; Buxeda i Garrigós, 1999; Freestone, 2001; De Bene-
detto et al., 2002; Maritan and Mazzoli 2004; Schwedt et al., 2004, 2006; Buxeda i 
Garrigós et al., 2005; Secco et al., 2011). In this view, groundwater plays a principal 
role in the dissolution and precipitation of mineral phases, connected to chemical and 
mineralogical transformations of pottery (Schwedt et al., 2004, 2006; Secco et al., 
2011). 
In our samples, gypsum has been identified both on the surface as gray incrustations 
and in the matrix as scattered crystals along rare bassanite. Commonly, calcium sul-
fates are the most abundant sulfate minerals occurring in evaporitic sequences and 
calcareous sedimentary deposits (Freyer and Voigt, 2003). Numerous studies at at-
mospheric pressure have been focused on the temperature stability, phase transitions, 
and formation of the sulfate phases (e.g., O’Gorman and Walker, 1973; Freyer and 
Voigt, 2003; Mirwald, 2008). In isothermal conditions the transformation gypsum-
bassanite starts at 1about 120 °C (393 K), whereas the transition bassanite-anhydrite 
is completed at about 135 °C (408 K) (Ballirano and Melis, 2009a, 2009b). The ther-
mal decomposition of anhydrite starts at 780 °C in reducing conditions, whereas in 
neutral and oxidizing conditions this decomposition does not take place below 1000 
°C (O’Gorman and Walker, 1973). On the basis of these experimental results we can 
make two assumptions for the studied pottery: the raw materials contained gypsum 





mained stable up to 1000 °C. Conversely, the raw material contained anhydrite which 
remained unaffected during the heating process. In post-heating processes anhydrite 
was rehydrated via bassanite into gypsum. On the contrary, the occurrence of gypsum 
as crusts on the surface of the fragments has to be related to the interaction of the 
sherds with sulfate-rich fluids in the burial environment.  
The presence of goethite and lepidocrocite may be explained as a result of hydratation 
of hematite during burial or as residual original minerals which were already present 
in the original clay and, then transformed in hematite during firing. Dehydratation at 
230-280 °C of goethite results in the formation of disordered hematite and well-
crystallized hematite gradually develops at temperature close to 900 °C at oxidizing 
conditions (Brindley and Brown, 1980; Trinidade et al., 2009). The γ-forms of the 
oxyhydroxides (lepidocrocite) are transformed by heating to the corresponding γ-form 
of the oxides at 230-280 °C and this latter is transformed to normal hematite at 400-
500°C (Majzlan et al., 2003). The goethite-hematite and lepidocrocite-hematite trans-
formations occur at temperature lower than the estimated firing temperature according 
to the mineral assemblage. In this view, the occurrence of iron oxyhydroxides, that 
cannot be explained after an heating process, can be ascribable to the interaction with 
fluids in the burial environment. However, the desertic environment and the dry cli-
mate of the Jordan region probably prevented the diffuse formation of goethite and 
lepidocrocite, which have been identified only in a few samples.  
 
5.2 Provenance 
Mineralogical composition of pottery can provide important information to define the 
provenance of the raw material. The main components of the studied pottery, quartz 
and calcite, cannot give a significant contribution in this purpose, being commonly 
found in clay deposits and in limestones and marls (Papachristodoulou et al., 2006). 
Fragments of fossils, identified as diffuse in thin section, suggest a probable use of 
marls in the raw material. In this view, the occurrence of microfossils in the local geo-
logical formations (Burdon, 1959) further supports the hypothesis of a local supply of 
the raw material used for the pottery production. 
The presence of fragments of basaltic rocks, widespread diffuse in this region, provide 
information useful to localize the sourcing area of the raw material. Therefore, optical 
microscopy and chemical analysis further support the hypothesis of a local provenance 
of these fragments. In particular, EDS analysis showed that these fragments contain 
ilmenite, olivine, plagioclase and apatite. According to Burdon (1959) it is also possi-
ble infer a local provenance for these basaltic fragments as their mineralogical compo-
sition is very close to that of Jordan Plateau Basalt. 




K-feldspar crystals could be crystals deriving from igneous or metamorphic rocks out-
cropping in the area. Moreover, hydroxides, oxyhydroxides and oxides of iron, alumi-
num and manganese, are the commonest accessory minerals in clays (Brindley and 
Brown, 1980). Zircon may occur in clay (Tochilin et al., 2012), and in the case of pot-
tery from Khirbet al-Batrawy, may due to alteration processes of igneous and meta-
morphic rocks of the Pre-Cambrian basement.  
The results of chemical analyses suggest that the composition of the clay materials 
used in the pottery production from Batrawy is calcareous and low refractory type, 
according to Maniatis and Tite (1981). The silica content of the studied ceramics is 
related to the presence of quartz and feldspar in the samples.  
The large variability in Fe2O3 contents reflects the presence of hematite/magnetite in 
the clayey material, while the high contents of clay minerals and K-feldspar is testi-
fied by the contents of Al2O3 and K2O.  
The Hierarchical Clustering Analyses and Principal Component Analysis performed 
on pottery fragments, clay materials and brick samples highlight that the local clay 
sediments have a different chemical composition, suggesting a different source of 
supply of raw material. Furthermore, the different chemical composition of the brick 
suggests a different choice in the raw material used in pottery production from those 
used in the production of building material. The low percentage of the total variance 
in PCA carried out only on the pottery samples, highlights that do not exist marked 
chemical differences either within their class or among the different historical phases 
of urbanization. The results suggest that the same raw material was probably used 
during the long history of Batrawy. However, in the different phases of Batrawy ur-
banization, a low variability has been observed. The historical variability in chemical 
composition of the pottery can be explained considering the period of development 
and experimentation of EB IIIA and the standardized phase taking place in the latter 
phases EB IIIB and EB IV. Regarding the different pottery type no evident differ-
ences have been identified, suggesting a low variability in chemical composition. In 
particular, Storage Ware and Simple Ware fragments present a major variability in the 
chemical composition with respect to the other fragments, probably due to the lack of 
need to select refined material and to a not-cure in the proportion between clay and 
inclusions for these types. Moreover, the KKW fragments are characterized by higher 
percentage of CaO and lower values of SiO2.  
The results of chemical analysis further contribute to the definition of pottery prove-
nance. In particular, statistical treatment of experimental data showed a different 
source of supply of raw material between bricks and pottery fragments, suggesting a 
conscious different choice of the raw material used in pottery production from those 





Different contents of trace elements have been recognized also between pottery frag-
ments and the samples of clay materials analyzed, highlighting a different source of 
raw material from those collected and analyzed. The low percentage of the total vari-
ance in PCA highlights that do not exist marked chemical differences either within 
their class or among the historical phases of urbanization.  
These considerations allow to hypothesize that the same raw material was probable 
used since the birth of Batrawy as previously quoted.  
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6. ADVANTAGES AND DRAWBACKS OF 
ANALYTICAL METHODOLOGIES USED:  
THE CASE OF KHIRBET AL-BATRAWY 
 
The results of this PhD thesis permit an evaluation of the advantages and drawbacks of 
the different methodologies here applied and currently used to study archaeological 
pottery. 
Discussions and considerations drawn in this chapter have been obtained considering 
the nature of the Jordan pottery analyzed (not purified, with coarse-grain sized), 
whereas different conclusions could be reached in the case of pottery with fine-grain 
sized. 
 
6.1 Technological level of production 
6.1.1 Mineralogical composition  
Raman and Infrared spectroscopies, optical microscopy, X-ray diffraction and Scan-
ning Electron microscopy coupled with Energy Dispersive Spectroscopy are the 
methodologies that mainly contribute to the identification of the mineralogical com-
position of the ancient ceramic materials. 
The results obtained for each samples are listed in Appendix C and a visual represen-
tation to clearly show the contribution of each analysis has been reported in Fig. 1. 
Raman spectroscopy is the methodology that detected the major number of miner-
alogical phases. The application of μ-Raman spectroscopy shows great potential for 
disclosing the mineral composition and exploring technological aspects of pottery 
production. It is a non-destructive technique that does not require sample preparation 
and does not generally cause damage, alteration or consumption of the sample, allow-
ing to perform further investigations with other techniques. This is a fundamental as-
pect in the field of cultural heritage, where usually the samples are microscopic and 
where the sampling is often unique. Indeed, the possibility to select a well-defined 
spot in a micrometric range can minimize mistakes and allows identifying single crys-
tals without the interference of the signal of the matrix allowing a complete picture of 
the mineralogical composition. Moreover, μ-Raman technique allows repeating the 
measure several times in the same spot or in different points of the same sample in a 
very short time.  
 





Figure 20: Diagram showing the contribution of each analystical technique in the identification of the 
mineralogical composition of potsherds from Khirbet al-Batrawy.  
 
However, despite the amount of information obtained and the mineral phases identi-
fied, no quantitative information can be obtained by Raman results; therefore, the 
principal mineral components and accessories have been identified. The numerous 
mineralogical phases identified by this technique are the result of a very detailed and 
accurate Raman study that collected a minimum of thirty spectra for each sample. 
However, this kind of study, based on data acquisition point by point with the support 
of a microscope, requires long time of acquisition and several month of analysis every 
day. The low Raman scattering efficiency of clay components and the fluorescence 
commonly associated with pottery samples prevent the possibility to use the Raman 
mapping. Numerous Raman mapping texts on thin section have been carried out with 
the purpose to obtain visual maps representing the distribution of different mineral in-
clusions. Unfortunately, the high fluorescence of the matrix not allowed to produce 
these maps.  
Infrared spectroscopy also contributes in mineralogical characterization, although the 
interpretation of FTIR spectra, based on the attribution of all the spectra transitions, is 
not straightforward. Vibrational bands are represented in the spectra as sum of differ-
ent mineralogical contributions. The identification of the single contribute is difficult 
due to the interferences and split of vibrational bands connected to the surrounding. 
Moreover, the wavelength range in which mineral phases can be identified is narrow 









and this further contributes to create a much more overlapping among the vibrational 
bands preventing the possibility to clearly identify different mineral phases. Samples 
preparation for FTIR analysis consists in grinding together inclusions and matrix; 
therefore, the information obtained refers to the whole mineralogical composition of 
the sherds. For this reason FTIR analysis reveals the occurrence of illite, while Raman 
spectroscopy did not identified this mineral phase.  
X-ray powder diffraction analysis usually provides a general characterization of the 
mineralogical composition of the samples. Also in this case, sample preparation is a 
micro-destructive action that produces a powder containing both inclusions and ma-
trix. XRD analysis allows the identification of clay minerals (illite in our case), which 
is fundamental to reconstruct the nature of the original raw materials used for ceramic 
production. The reduced amount of sample required, the speed of analysis and the 
completeness of information obtained including both qualitative and semi-quantitative 
results, make XRD the most applied methodology in the mineralogical characteriza-
tion of ancient potteries.  
In the study of heterogeneous and complex materials such as pottery, SEM results are 
complicate to be discussed. The results provide the chemical composition of the dif-
ferent inclusions and matrix analyzed. In this view, a simple chemical composition 
including a few chemical elements (e.g., calcite, apatite, quartz etc.) generally allows 
to clearly identify a mineral phase, whereas when the chemical elements are numer-
ous the identification became more complex. SEM images allow to easily discrimi-
nate mineralogical phases containing chemical elements with high atomic weight as 
they appears much more brilliant than the rest of the sample. In this way, accessory 
minerals (for example, barite and apatite), whose identification is generally difficult 
by means of other methodologies, can be easily detected by SEM.  
Optical microscopy in thin section allows the identification not only of mineral phases 
but also of the all aplastic inclusions present and to analyze the distribution of these 
inclusions in the pottery.   
The identification of aplastic inclusions allow to speculate about the production pro-
cess of pottery: choice of the raw materials used, its purification and preparation and 
tempers added by the potter. Moreover, the analysis of porosity the shape and distribu-
tions of pores in thin section further contributes in the definition of the ancient way of 
modeling the ceramic paste. Finally, microscopic investigations, and in particular the 
“grouping analyses”, allow to group samples on the basis of textural features distin-
guishing among the different type of pottery and to separate local pottery from that 
imported.  
 





The definition of firing conditions is strictly related to the mineral assemblage identi-
fied in the samples. The discussion about the role of different methodologies in this 
task has been presented here divided into two sections: “Temperature” and “Atmos-
phere”. 
 
6.1.2.1 Maximum firing temperatures 
The presence or absence of primary calcite, illite, diopside and gehlenite has been 
used as indicator to define the maximum firing temperatures. The identification of 
these minerals by the different methodologies in each samples has been listed in Ap-
pendix C and represented in Fig. 2. 
 
 
Figure 21: Diagram showing the contribution of each analytical technique in the identification of the 
mineralogical phases used as indicator to define the maximum firing temperature.  
 
The diagrams clearly shows that XRD is the methodology that provides the more re-
solved results in the identification of the “firing indicators”. 
In this field, Raman spectroscopy shows its limits in the identification of clay miner-
als; also gehlenite, which is diffuse in samples, was not detected by any spectroscopic 
methodology.  
The inability of XRD analysis to discriminate between primary and secondary calcite 
is the only weak point of this analytical technique in the definition of the maximum 
firing temperature. In this view, optical microscopy and SEM analysis can significant-













6.1.2.2 Firing atmosphere 
Information about the redox state of firing atmosphere is generally provided by the 
color of the ceramic body and the occurrence of the different forms of iron oxides. In-
deed, the total amount of iron in the raw material and the redox conditions are the 
principal factors that determine the color in ceramic fragments. The analysis of color 
of pottery can be conducted by macroscopic and microscopic analysis. 
Macroscopic analysis of ceramic samples is the first step of pottery characterization. It 
is an important instrument to direct and choose the subsequent investigations on pot-
tery fragments.  
Macroscopic analysis does not require sophisticated technologies as it is performed by 
comparing and describing the color of the matrix with respect those reported in the 
Munsell chart. It provides information about homogeneity and inhomogeneity of the 
color in artifacts and color differences between the inner and outer parts of the ceram-
ic. These results are useful to make hypothesis about different redox conditions devel-
oped during firing. In this view, the great variability in the color matrix of the Khirbet 
al-Batrawy ceramic along with the variation in color and intensity observed along the 
cross-section of numerous sherds allowed to obtain preliminary information about low 
firing temperature and uncontrolled redox conditions during firing. 
The identification of iron oxides has been obtained by Raman, FTIR, XRD and SEM-
EDS analysis. However, the limited amounts of iron oxides in the studied pottery af-
fected their detection by the different analytical methodologies used. Indeed, as re-
ported in Appendix C, Raman shows the most diffuse capability in the differentiation 
of iron oxides. Indeed, magnetite was mainly identified by this technique. XRD and 
FTIR analysis in this context show their limits in the detection of mineralogical phas-
es occurring in lower amounts. Moreover, SEM-EDS allows the identification of iron 
oxides, although it does not distinguish the different forms. However, SEM-EDS 
analysis allowed the analysis of the “black core” fragments, confirming the hypothe-
sis that the different color was not related to the chemical composition, but to the fir-
ing process.  
In this view, the application of Raman spectroscopy in conjunction with macroscopic 
analysis was helpful and decisive to infer the redox state of firing atmosphere.  
 
6.1.3 Decorations and superficial treatments 
In the analysis of archaeological pottery from Khirbet al-Batrawy particular attention 
has been given to the decoration and superficial treatments.  
Macroscopic analysis was the first tool to separate different types of superficial treat-
ments, allowing the identification of the decorations to be further analyzed. Generally, 




decorated ceramics are not easily analyzed because of the difficulty to isolate the pic-
torial layer from the bulk paste. In this study, decorations and superficial treatments 
have been easily analyzed by Raman spectroscopy as this technique gives the possi-
bility to focus the laser beam to a micrometric-spot and to choose with extreme preci-
sion the inclusion to be analyzed. The attempts to analyze superficial decorations by 
other methodologies proved to be useless. The thin thickness of coating and the small 
quantities found in the potsherds generally affected in a negative way the analytical 
characterization of the materials used in surface decorations by means of FTIR and 
XRD analysis. In particular, in the case of XRD, although only the powder of the 
decoration scrapped by the surface of the samples was analyzed in order to minimize 
the matrix interference, the mineralogical identification of the pigments failed due to 
the high background of XRD patterns. Only micro-Raman analysis was able to identi-
fy the different pigments and showed that hematite has been used in red bands of pot-
tery of EB IIIA group. On the contrary, the black pigment used on the surface of the 
sherds  was identified as amorphous carbon. Generally, other common methodologies 
extensively applied in cultural heritage, such as for example XRD, do not allow the 
recognition of this amorphous phase. 
 
6.2 Provenance 
The identification of the origin of ceramic objects and the sites of supply of raw mate-
rials is fundamental in the study of archaeological pottery. These goals can be 
achieved by characterizing the mineralogical and chemical compositions of the sam-
ples and by comparison with those of known pottery or raw materials.  
In this view, Raman and FTIR spectroscopy, optical microscopy in thin section, XRD 
and SEM-EDS provide essential information to infer the provenance of the raw mate-
rials used in the pottery production.  
In the case of coarse-grain sized low fired ceramic such as that of Khirbet al-Batrawy, 
the components of pottery that mainly contribute to the identification of the prove-
nance were identified by microscopic analysis in thin section. Fragments of rocks (in 
our case basaltic rocks) and fragments of fossils can be considered the indicator 
markers to define local or foreign production of ceramic materials by comparison to 
the geological setting of the area. However, only the combination of results obtained 
by different methodologies can support and prove the provenance of the sherds. In 
this view, the detailed analysis of fragments of basaltic rocks obtained by SEM-EDS 
allow to relate these fragments to the Jordan Plateau Basalt, that extensively outcrops 
around the archaeological site, further supporting the hypothesis of a local provenance 
of the studied ceramic fragments. 




The results of chemical analysis also contribute in the definition of the provenance, 
providing chemical markers of pottery that can be related to the mineralogical-
petrographical characteristics of the rocks outcropping in the area of production. 
However, without a significant number of representative samples of the local clays or 
chemical data of other potteries from the same area, the results of chemical analysis 
can only provide information about similarity and differences among samples. Fur-
thermore, the analysis should involve a large number of representative samples and 
results should be analyzed by statistical methods to obtain a more plausible interpreta-
tion. In these conditions, chemical methodologies could provide data that can be use-
ful for the differentiation between local or imported potteries.  
 
Conclusions 
The different methodologies applied in this study proved to have a specific role in the 
different aspects of ceramic characterization. However, in the analysis of coarse-grain 
size archaeological pottery, the combination of XRD, microscopic analysis and Raman 








The results of this study allow characterizing the pottery from Khirbet al-Batrawy by 
means of a multi-analytical approach. The application of such approach to archaeolog-
ical ceramic demonstrates to have a great potentiality to disclose secrets of technologi-
cal aspects of the production and provenance of the raw material. 
The ceramic sherds have been produced using a calcareous clay with quartz, feldspars, 
and minor amounts of oxides and hydroxides.  
The potsherds have almost the same mineralogical and composition, however, on the 
basis of the prevalence of particular inclusions, twelve fabrics have been distinguished 
as reported in chapter 4.2.  
The abundance of tempers, having coarse-sized dimensions and distributed in an uni-
modal grain size, suggests that the raw material has not been subjected to a purifica-
tion process; moreover, the presence of clay pallets, resulting from an inadequate mix-
ing of the clays during the preparation, highlights the “a low quality” and “a poor-
advanced technology” of manufacturing of Jordan pottery during Bronze Age. How-
ever, the occurrence of grog, voluntarily added as tempers, and the aware choice of 
raw material, different from those used in the production of building material, suggest 
an awareness that considered the features of material in the workability and particular-
ly in the pottery production. Furthermore, the variability in size of the tempers, which 
is directly related to the different shape and use of the vessels, allows to hypothesize 
an initial differentiation of the material used in the various typologies and functions of 
the pottery. 
In addition, the co-occurrence of vughs and vesicles in the external and internal part of 
the section respectively, supports the archaeological hypothesis that a mixed technique 
of hand and potter’s wheel was applied during the manufacturing of the ceramic. In 
particular, the absence of evident orientation of the mineral grains in thin section con-
firms that the intensity of shaping the pot on the potters’ wheel was low.  
The technological evolution of the production in the Jordan pottery is marked by an 
initial research and study of the raw materials and shape in the EB II phase, continuing 
through a major and diffuse experimentation in the use of materials and procedures of 
modeling observed in EB IIIA phase, to finish with a sort of standardization and selec-
tion characterized by a minor number of fabrics with specific features to satisfy the re-
quest and necessity of a particular production in the EB IIIB and EB IV phases. 
The results of the study allowed to estimate low firing temperatures, generally below 
950 °C. A limited increase of firing temperature from EB II pottery to EB IV phases 
can be inferred, along with a narrowing of the range of the firing temperature between 





850-950 °C that suggests a major control of temperature conditions during firing. The 
redox state of the atmosphere of firing was variable from oxidizing to reducing, fre-
quently alternated in the same pottery production. No relationship has been observed 
between the redox state of the atmosphere and the phases of Batrawy urbanization or 
between the different types of pottery. In this view, the high variability in atmosphere 
conditions of the pottery suggests uncontrolled firing conditions that are common in 
open kiln, where the control of temperature and the diffusion of oxygen were difficult 
to monitor and to keep constant. 
Decorations and superficial treatments show an evolution during the long history of 
Batrawy. From initial burnishing and polishing in EB II, passing through decoration 
in EB IIIA to finish with combed, applied and punctuate decoration in the later phas-
es. The red color is due to hematite, whereas the dark pigment to amorphous carbon. 
The lustrous slip that characterizes some samples was not obtained by the vitrification 
of the thin superficial layer due to high firing temperatures, but it is connected to me-
chanic hand-burnishing that allows the alignment of particles parallel to the surface 
giving a lustrous aspect, as in the KKW pottery. 
The occurrence of mineral phases such as ilmenite, anatase, zircon, apatite and frag-
ments of basaltic rocks suggest the local supply of raw material.  
The mineralogical composition of the pottery does not change over time, suggesting 
that the supply of raw material had the same provenance during the long history of 
Khirbet al-Batrawy. This hypothesis is further supported by the results of chemical 
analysis that show the same chemical composition among all the sherds.  
Even if no evident changes in the supply of raw material and technology have been 
observed, the variability of fabrics suggests that the raw materials, in particular the 
type and proportion between clay and inclusions, were selected on the basis of the pot-
tery function. The general similarity in the chemical and mineralogical composition of 
pottery supports the hypothesis that during the long history of the city, the technologi-
cal background did not apparently evolve. However, a major selection in the material 
and a major control of firing condition depict a limited evolution in the pottery pro-
duction technology.  
The methodologies applied in this study proved to have a specific role in the definition 
of the different aspects of ceramic characterization. However, the results further prove 
the necessity to apply a multi-analytical approach to have an overall characterization 
of ancient ceramic material. According to the analytical results here reported, it is also 
possible to conclude that, in the analysis of coarse-grain size archaeological pottery, 
the combination of XRD, microscopic analysis and Raman spectroscopy could be con-




2. MATERIALS AND ANALYTICAL METHODS  
List of pottery sherds with photographs divided in the four periods of urbanization with the in-
dication of class, pottery type, and the place of findings.  
 
SAMPLES Class  Pottery Type  
EB II 3000-2700 B.C.   
AREA B near the main Early Bronze II-III city-wall and the city gate  
KB.06.B.392/8 Storage ware jar 
 
AREA E southern fortification line with the secondary entrance  
KB.06.E.702/10 Red Polished ware jug 
 
KB.06.E.703/5 Simple ware jar 
 
KB.06.E.703/6 Storage ware jar 
 
KB.06.E.704/1 Red burnished ware platter 
 
KB.06.E.704/6 Red burnished ware bowl 
 






SAMPLES Class  Pottery Type  
KB.06.E.706/1 Red burnished ware platter 
 
EB IIIA 2700-2500 B.C.  
AREA A Acropolis  
KB.05.A.52/8 Storage Ware  hole-mouth jar 
 
KB.05.A.58/1 Red polished ware jug 
 
KB.05.A.64/1 Red burnished ware platter 
 
KB.05.A.64/13 Storage ware jar  
 
AREA B near the main Early Bronze II-III city-wall and the city gate  
KB.05.B.110/15 Red Polished Ware  jug 
 
KB.05.B.126/1 Red polished ware jug 
 









SAMPLES Class  Pottery Type  
KB.05.B.126/4 Simple painted ware bowl  
 
KB.05.B.136/1 Simple painted ware jar 
 
KB.05.B.136/3 Simple ware jar  
 
KB.05.B.136/5 Storage ware phitos 
 
KB.05.B.146/1 Red burnished ware platter 
 
KB.05.B.146/3 Simple painted ware jar 
 
KB.05.B.146/4 Simple ware jar  
 
KB.05.B.146/5 Simple ware juglet 
 








SAMPLES Class  Pottery Type  
KB.05.B.146/7 Red polished ware jug 
 
KB.05.B.146/8 Red burnish ware platter  
 
KB.05.B.146/15 Simple painted ware bowl  
 
KB.05.B.146/20 Kitchen Ware hole-mouth pot 
 
KB.05.B.146/24 Simple ware juglet 
 
KB.05.B.146/30 Red polished ware jug 
 
KB.06.B.167/4 Storage (grain wash) jar 
 
KB.06.B.376/4 Red polished ware jug 
 








SAMPLES Class  Pottery Type  
KB.06.B.427/1 Khirbet Kerak Ware jug 
 
KB.08.B.805/6 Khirbet Kerak Ware jug 
 
KB.09.B.820.10 Khirbet Kerak Ware bowl 
 
KB.09.B.820.12 Khirbet Kerak Ware bowl 
 
KB.09.B.820/13 Khirbet Kerak Ware jug 
 
KB.08.B.805/32 Khirbet Kerak Ware jug 
 






KB.08.B.805/34 Khirbet Kerak Ware jug 
 
AREA E southern fortification line with the secondary entrance  




SAMPLES Class  Pottery Type  
KB.06.E.703/3 Simple ware juglet 
 
EB IIIB 2500-2300 B.C.  
AREA A Acropolis  
KB.05.A.46/2 Storage Ware jar 
 
KB.05.A.46/8 Storage Ware pithos 
 
KB.05.A.216/4 Storage Ware jar 
 
KB.05.A.204/2 Storage Ware hole-mouth jar 
 
KB.05.A.204/3 Kitchen Ware hole-mouth pot. 
 




KB.05.A.220/5 Storage ware pithos 
 





SAMPLES Class  Pottery Type  
KB.06.A.120/6 Red Polished Ware jug 
 
AREA B near the main Early Bronze II-III city-wall and the city gate  
KB.05.B.111/3 Simple Ware jar. 
 
KB.10.B.1040/8 Storage Ware pithos 
 
KB.11.B.1054/2 - pithos 
 
KB.10.B.1054/6 Simple Ware vat 
 






KB.11.B.1054/13 Red burnished Ware jar 
 
KB.11.B.1054/21 Metallic Ware pattern combed jar 
 




SAMPLES Class  Pottery Type  
KB.10.B.1054/24 Storage Ware pithos 
 
KB.10.B.1054/62 Simple Ware jar 
 
KB.11.B.1124/1 - hole mouth jar 
 
KB.11.B.1124/3 Storage Ware hole mouth jar 
 
KB.11.B.1124/8 Storage Ware jar 
 




KB.11.B.1124/10 Storage Ware pithos 
 
KB.11.B.1124/15 Storage Ware hole mouth jar 
 
KB.11.B.1124/19 - spouted vat 
 




SAMPLES Class  Pottery Type  
KB.11.B.1124/24 Storage Ware jar 
 
KB.11.B.1124/28 - pithos 
 
KB.11.B.1124/29 Storage Ware jar 
 






KB.11.B.1128/1 Storage Ware jar 
 
KB.11.B.1128/50 Storage Ware pithos 
 
KB.11.B.1128/51 Storage Ware pithos 
 
KB.11.B.1128/52 Storage Ware hole-mouth jar 
 
KB.11.B.1128/65 Red burnished ware juglet 
 
 
SAMPLES Class  Pottery Type  
EB IV 2300-2000 B.C.  
AREA A Acropolis  
KB.05.5/D200 Simple Ware jar 
 
KB.05.A.6b/1 Kitchen Ware hole-mouth pot 
 
KB.05.A.18/5 Simple Ware jar 
 




KB.05.A.21/27 Storage Ware jar 
 
KB.05.A.34/2 Simple Ware jar 
 
KB.05.A.62/1 Simple Ware jar 
 
KB.05.A.62/2 Simple Ware jar 
 
KB.05.A.68/2 Storage Ware jar 
 
KB.05.A.82/4 Simple Ware jar 
 
SAMPLES Class  Pottery Type  
KB.05.A.84/3 Simple Ware jar 
 
KB.05.A.8b/3b Kitchen Ware hole-mouth pot 
 






KB.05.A.96/1 Simple Ware jar 
 
KB.05.A.98/1 Kitchen Ware. hole-mouth pot 
 
KB.05.A.210/2 Simple Ware jar 
 
KB.05.A.210/4 Simple Ware jar 
 
KB.05.A.212/6 Simple Ware jar 
 




SAMPLES Class  Pottery Type  
KB.06.A.248/2 Storage Ware jar 
 
KB.06.A.256/1 Storage Ware jar 
 




KB.06.A.ø/18 Storage Ware jar 
 
AREA B near the main Early Bronze II-III city-wall and the city gate  
KB.05.B.128/3 Kitchen Ware. hole-mouth pot 
 







4.2 OPTICAL MICROSCOPY ANALYSIS IN THIN SECTION (OM)  
Thin section photomicrographs of samples, divided into fabrics (mag 2.5 x and crossed polar-
izers). The four historical periods are indicated by different colors: EB II samples blue, EB 
IIIA pink, EB IIIB green and EB IV violet. 
FABRIC A calcite, micritic and sparry calcite with vesicles 
  
   
KB.06.E.706/1 KB.06.E.706/2    
FABRIC B clay pallets and fragments of grog   
FABRIC B1     
 
    
KB.06.B.703/6     
FABRIC B2     
   
  
KB.06.B.392/8 KB.06.E.703/5 KB.05.B.146/4   
FABRIC B3     
     








KB.11.B.1124/24 KB.11.B.1128/76    
 
FABRIC C calcite and clay pallets   





KB.06.E.702/10     




KB.05.B.146/7 KB.05.B.146/8    
FABRIC D crystals of calcite   




KB.06.E.704/1 KB.06.E.704/6    





KB.11.B.1054/13     
FABRIC E fine calcite   
     





     
KB.06.E.703/3 KB.10.B.1054/21 KB.10.B.1054/22 KB.11.B.1124/33 KB.11.B.1126/65 
FABRIC F fossils and sedimentary rocks   
FABRIC F1     
    
 
KB.05.B.146/30 KB.06.B.427/1 KB.05.B.146/1 KB.05.B.126/3  
FABRIC F2     
     
KB.05.A.64/1 KB.06.B.376/4 KB.09.B.820/12 KB.05.A.82/4 KB.05.5/D200 
 
    
KB.05.A.96/1     
FABRIC G basaltic rocks and fragments of fossils 
FABRIC G1     
     
KB.06.E.701/2 KB.05.B.146/3 KB.05.B.146/5a  KB.05.B.146/15 KB.05.B.126/4 
FABRIC G2     
     




KB.09.B.820/13 KB.08.B.805/6 KB.05.B.110/15 KB.09.B.820/10 KB.05.B.136/3 
  
   
KB.05.A.34/2 KB.05.A.18/5    
FABRIC H clay pallets, calcite and iron oxides   
     
KB.06.B.167/4 KB.05.A.52/8 KB.10.B.1054/24 KB.11.B.1124/8 KB.11.B.1124/10 
  
   
KB.05.A.62/1 KB.05.B.128/3    
FABRIC I fragments of shells   
  
   
KB.06.B.413/2a KB.06.B.146/20    
FABRIC L crystals of calcite and micritic calcite 
FABRIC L1     
    
 
KB.05.A.204/2 KB.11.B.1054/12 KB.05.A.68/2 KB.06.A.248/2  
FABRIC L2     





KB.05.A.6b/1 KB.05.A.21/27 KB.05.A.8b/3b KB.05.A.88/1 KB.05.A.98/1 
 
    
KB.06.ø/18     
FABRIC M micritic, calcite and fragments of sedimentary rocks   
FABRIC M1     
     
KB.05.A.46/8 KB.05.A/216 KB.06.A.220/5 KB.05.A.224/2 KB.10.B.1054/6 
    
 
KB.10.B.1054/62 KB.11.B.1128/1 KB.11.B.1124/29 KB.11.B.1128/50  
FABRIC M2     
     
KB.11.B.1124/15 KB.06.A.120/6 KB.11.B.1124/3 KB.11.B.1128/52 KB.11.B.1128/51 
 
    
KB.11.B.1224/22     
FABRIC N clay pallets and rare calcite   
FABRIC N1     
     




KB.05.A.210/2 KB.05.A.210/4 KB.06.B.383/7 KB.06.A.256/1 KB.05.A.84/3 
     
     
FABRIC N2     
 
    
KB.05.A.216/12     
LONER     
 
    

































5. DISCUSSION  
The mineralogical composition of each samples obtained by Raman and FTIR spectroscopy, 
XRD and SEM-EDS analysis.  
 
 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































KHIRBET KERAK WARE FROM KHIRBET  
AL-BATRAWY (JORDAN)  
1. Introduction 
In this appendix, is reported a study on a specialized group of ceramic, called Khirbet 
Kerak Ware (KKW), of the Early Bronze Age from Khirbet al-Batrawy site with the 
aim to prove its local or imported origin. To achieve this purpose, both micro-Raman 
and infrared spectroscopy, together with petrographic analysis, Scanning Electron Mi-
croscopy and X-ray powder Diffraction, have been applied for mineralogical charac-
terization. The results provide information useful in reconstructing the provenance of 
raw materials.  
In addition, the technological aspects and the firing conditions, i.e. temperatures and 
redox state of atmosphere (Cultrone et al., 2001; Barone et al., 2002; Maritan, 2004; 
Rathossi et al., 2004; Iordanidis et al., 2009; Tschegg et al., 2009; Velraj et al., 2009; 
Belfiore et al., 2010) have also been explored. These results are then compared with 
those from other coeval ceramic fragments from the same archaeological site, thus 
clarifying the attribution of the Khirbet Kerak Ware vessels. 
Khirbet Kerak Ware (KKW) is a Levantine specialized pottery production, identified 
for the first time by Albright (1926) at the homonymous site of Khirbet Kerak in 
northern Palestine. This pottery production is dated approximately to 2750-2500 B.C., 
the Early Bronze III (EB III) of local chronology, and had a distribution which 
stretched from Palestine (as far south as Tell el-Hesi and Har Hemar) through the 
Orontes Valley as far north as the ‘Amuq region (De Miroschedji, 2000).  
The KKW ceramic consists of distinctive pottery shapes with a characteristic black 
and/or red lustrous slip, resulting from a manufacturing technique alien to the other 
EB III Syro-Palestinian ceramic industries (Sukenik, 1947). This immediately gave 
rise to the debate about its origin and the trade routes which it followed. 
At the time of its identification, KKW was considered a foreign production, more spe-
cifically associated to Early Bronze Age eastern Anatolian and Transcaucasian/Kura-
Araxes ceramic traditions (Amiran, 1952; Burney, 1989). Firstly, the presence of the 
foreign KKW production, among the EB III standard local ceramics, was explained 
with possible invasion and/or migration of people coming from the northern regions 
(Woolley, 1953). 
Nevertheless, in the last decades, systematic petrographic studies made on KKW sam-
ples from different sites of the Levant proved consistently that Levantine KKW was 





tablished in the Levant, serving the local population and introducing such pottery pro-
duction in the local ceramic industry (Chazan and McGovern, 1984; Esse and Hopke, 
1986). 
The origin of KKW pottery, linked to the arrival of new people in the Levantine low-
lands, has never been questioned (Paz, 2009). However, the latest typological and 
chronological studies, i.e., the re-examination of ceramic materials from Tell es-
Sultan/ancient Jericho and other south-central Palestinian sites (like et-Tell, Tell ed-
Duweir, Tell el-Hesi and Har Hemar), have highlighted also the existence of local imi-
tations (and local workshops) of proper KKW vessels, away from the centres of inten-
sive KKW production and consumption located in northern Palestine (Sala, 2008). 
Thus, these studies underline the local nature of what was essentially a cultural phe-
nomenon in the EB III Levantine society (Greenberg, 2007). 
2. Materials  
A total number of eighteen pottery samples of the EB IIIA phase have been investigat-
ed. The potsherds consist of bowl fragments (SPW), platter fragments (RBW), jug and 
juglet fragments (RPW, SW), 
small and medium size jar 
fragments (SW, SPW, StW). 
Among them, six samples ex-
hibit a surface decoration con-
sisting of simple red or dark 
strips. A sub-group of five 
pottery sherds, referred to as 
KKW, dated back in the same 
traditional chronological 
framework, have been un-
earthed from the layers asso-
ciated to the destruction of the 
EB IIIA city. 
The analyzed pottery sherds 
consist of bowls and jugs 
fragments characterized by a 
red/brown and  black highly 
polished surface (Sala, 
2012). In particular, 
KB.08.B.805/6 is a fragments of jug with an outer red lustrous slip; KB.09.B.820/10 is 
a fragment of hemispherical bowl with plain rim and flat base, black polished inside 
and outside over the rim, red-polished outside, with an unusual inversion in the in-
Figure 1: Representative KKW pottery fragments from 
the archaeological site of Khirbet al-Batrawy. 




ner/outer colour of the surface; KB.09.B.820/12 is a fragment of inturned-rim bowl, 
black polished inside and outside on the upper half, brown-polished outside on the 
lower half; KB.09.B.820/13 is a fragment of jug with a red to black colour change of 
the outer slip; and finally KB.08.B.805.34 is a fragment of jug with an outer black lus-
trous slip (Fig. 1).  
3. Results  
3.1 Micro-Raman analysis  
Micro-Raman results of KKW fragments revealed a simple mineralogical composi-
tion. Calcite [CaCO3], identified by a strong band at 1086 cm
-1
 and other two bands at 
712 and 281 cm
-1, and quartz [α-SiO2], with the strong band at 465 cm
-1
, a medium in-
tensity band at 207 cm
-1
 and a weak band at 356 cm
-1
, are the main components of the 
inclusions in the sherds. In the internal body, the bands at 224, 245, 299, 411, 498 and 
611 cm
-1
 are attributed to hematite [α-Fe2O3], whereas amorphous carbon has been 
clearly identified by the two typical broad bands at 1372 and 1590cm
-1
. 
Gypsum [CaSO4∙2H2O], with the strong band at 1008 cm
-1
, barite, pyroxene [diopside 
[Ca(Mg,Al)(Si,Al)2O6] and feldspars [K-feldspar (KAlSi3O8), plagioclase 
[(Na,Ca)AlSi3O8]], with the typical two-peaked feature ~500 cm
-1
 have been also iden-
tified in the cross cuts of the sherds.  
Particular attention has been given to the polished layers, representing the most dis-
tinctive feature of KKW samples. A significant number of spectra collected on this 
surface revealed the presence of amorphous carbon in the dark zones and hematite in 




Figure 2: Micro-Raman spectra of a KKW sample KB.09.B.820/13. Raman spectra of the miner-
alogical components found in the ceramic body (left); Raman spectra collected from the two different 








Raman spectra of other EB IIIA fragments suggest a mineralogical composition of the 
matrix and inclusions similar to that of KKW: the main minerals being calcite, quartz, 




Minor amounts of gypsum, apatite [Ca5(PO4)3(F, OH, Cl)] with the band at 961 cm
-1
 
and feldspars have also been identified in the cross cuts of the fragments. In addition, 
the two different polymorphs of titanium dioxide TiO2 (anatase and rutile), pyroxene 
(diopside), barite [BaSO4], and olivine [(Mg,Fe
2+
)2SiO4] are also detected as rare 




Cal Hem Mag Ant Rt Gp Brt Ap Qtz Di Ol Kfs Pl Ill Car Hem Car Gp Car 
KB.05.B.136/3 Jar, 
SW 
++• • •      +++ tr•  tr • tr• tr     • 
KB.05.B.146/5 Juglet, 
SW 
+• • •  • +++• •  +• +•   +•     • • 
KB.06.E.703/3 Juglet, 
SW 





++• • •   •  • ++ ++•  +• +++ tr  •  •  
KB.06.E.701/2 Jar, 
SPW 
+• • • •     +++• tr   tr tr  •    
KB.06.B.167/4 Jar, 
StW 





+++• •    tr•   ++     tr     • 
KB.05.A.58/1 Jug, 
RPW 
+• • • +•     +++• +      •    
KB.05.B.126/1 Jug, 
RPW 
+++• • •   tr  • ++•   tr  tr  •   • 
KB.05.B.146/7 Jug, 
RPW 
+++• • •      ++ +   +   • •  • 
KB.05.A.64/1 Platter, 
RBW 
++• tr• •  •   • +++• • • • tr• +  •    
KB.05.B.126/3 Platter, 
RBW 
+++• •    tr  • ++•   tr  tr  • •  • 
KB.05.B.146/1 Platter, 
RBW 
+++• •    tr   ++•   tr  tr  • •  • 
KB.08.B.805/6 Jug, 
KKW 















+++• •    •   ++ •  tr• • tr •  •   
KB.08.B.805.34 Jug, 
KKW 
+++•        ++     tr •  •   
Table 1: The mineral phases and their relative abundances (+++=abundant; ++=present; +=scarce; 
tr=traces) occurring in the internal body, decoration and surface, identified by FTIR and by micro-Raman 
spectroscopies. The symbol (•) identifies the mineralogical phases detected by micro-Raman spectrosco-
py. Cal: calcite; Hem: hematite; Mag: magnetite; Ant: anatase; Rt: rutile; Gp: gypsum; Brt: barite; 
Ap:apatite; Qtz:quartz; Di: diopside; Ol: olivine; Kfs: K-feldspar; Pl: plagioclase; Ill: illite; Car: carbon. 
 





Micro-Raman spectroscopy has been also useful in the identifications of pigments 
used in the surface decoration of EB IIIA group fragments. Spectra collected in differ-
ent surface points of the decorations revealed the occurrence of hematite in red areas, 
whereas carbon has been found in the black ones. Moreover, carbon has been also 
identified in the surface of EB IIIA samples in not-decorated areas. 
3.2 FTIR analysis  
Infrared spectroscopy has been also applied on KKW samples to complete the results 
obtain by micro-Raman spectroscopy.  
The absorption bands of quartz, i.e. the SiO2 stretching band at about 1080 cm
-1
, the 
shoulders at 1165 and 512 cm
-1
 and the distinctive doublet  at 778 and 797 cm
-1
 were 
detected in all samples. The presence of calcite is testified by the bands at 1420, 870, 
and 714 cm
-1
 in all samples. Illite [(K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)] was 
identified by the characteristic main modes at 460 and 430 cm
-1
 that discriminate it 
from muscovite. The absorption peaks at 965, 920, 865 and 630 cm
-1
 have been at-
tributed to diopside. In addition, minor amounts of plagioclase and K-feldspar have 
been identified. 
The EB IIIA pottery samples 
mainly contain calcite, quartz 
and illite, together with rare 
plagioclase, K-feldspar, gyp-
sum and hematite. A summary 
of the mineral phases, identi-
fied using micro-Raman and 
FTIR spectroscopies, is shown 
in Table 1. The relative abun-
dances of each phases, esti-
mated on the basis of the in-
tensity of peaks in the FTIR 
patterns, are also given. FTIR 
data, after the manipulation 
previously described, were in-
vestigated using PCA. 
The loading plot provides information about the bands that mainly contribute in the 
differentiation among the spectra. The first 5 PCs together explain 65,17% of the total 
spatial variance  (Table 2), where PC1 and PC2 represent 18.31% and 15.85% of the 
total variance, respectively. The scores plot (Fig. 3), with the exception of three outli-
ers, shows that the majority of samples, both KKW and EB IIIA, are grouped into an 
Figure 3: Scores plot of PCA model obtained using the 
spectral region 400-1600 cm
-1
. The circles and the 


















3.3 Optical microscopy analysis 
The analysis in thin sections showed that all samples have similar mineralogical and 
petrographic characteristics. The shares show also similar textural features: the porosi-
ty ranges from 10 to 40%, with vesicles and vughs, variable in size between 0.05 and 2 
mm. The spatial distribution of the non-plastic inclusions is from single to double 
spaced without a preferential orientation. The groundmass is generally heterogeneous 
with an optically active micromass. The ceramics are characterized by abundant non-
plastic inclusions amount ranging from 20 to 40%, represented mainly by calcite (mi-
critic or sparry), grog, fragments of sedimentary rock and fossils; less abundant are 
small-sized crystals of quartz. 
The composition of the non-plastic inclusions, the packing and the mean size allow to 
distinguish three groups having different petrographic fabrics for EB IIIA Khirbet al-
Batrawy potteries. 
These groups have almost the same mineralogical composition. However, the petro-
graphic group (E), i.e. KB.05.B.126/1, KB.05.A.58/1  and KB.06.E.703/3, can be dis-
criminated on the basis of fine grained inclusions of quartz and calcite in a calcareous 
brown fine clay matrix containing mainly vesicles. The petrographic group (F), i.e. 
KB.09.B.820/12, KB.05.A.64/1, KB.05.B.126/3 and KB.05.B.146/1, is characterized 
by the presence of fragments of fossils and sedimentary rocks as inclusions  
Finally, the petrographic group (G), having a calcareous matrix with inclusions of ba-
saltic rocks and fragments of fossils, is divided into two sub-groups. Samples 
KB.05.B.136/3, KB.08.B.805/6, KB.09.B.820/10 and KB.09.B.820/13 show a matrix 
brown in colour, whereas samples KB.05.B.146/5, KB.05.B.146/15 and 
KB.06.E.701/2 present a red matrix. Furthermore, other three samples 
(KB.05.B.146/7, KB.06.B.167/4, and KB.06.B.413/2) can be considered as petro-
graphic ‘loners’, having different compositional and textural features. The first sample 
 
PC1 PC2 PC3 PC4 PC5 
Value 218.82 189.42 147.15 127.61 95.81 
Variability 
(%) 




18.31 34.16 46.48 57.15 65.17 
Table 2: Results of PCA performed on dataset. 
 




is characterized by mega-vughs, diffuse clay pallets and fragments of calcite; the sec-
ond sample by calcite crystals and fragment of basaltic rocks; whereas in the third 
fragments of shells as inclusions have been identified.  
The results of grouping analysis highlight that KKW sherds (Table 3) have fabrics 




PORES C:f INCLUSIONS>0.125mm INCLUSIONS< 0.125mm  
KB.05.B.136.3 20-30% vesicles/vughs 
0.05-2mm 
not aligned 20-30% calcite (sa-sr 0.7-1.5 mm), fossils 
fragments oolites (r-wr 0.6-0.8 mm), 
fragments of rocks (va 1.0-2.0 mm), 
iron oxides nodules (wr 0.8-4.0 mm) 
 G 
KB.05.B.146.5 30% vughs 
0.05-2mm 
not aligned 20% fragments of rocks (va 0.5-2.1 mm), 
iron oxides nodules (a-wr 0.2-0.7 
mm) 
fossils fragments (va-wr 0.2-0.7 mm) 
 G 
KB.06.E.703.3 10% vughs  
0.05-2mm 
not aligned 20% iron oxides nodules (r 0.15-2.1 mm)  E 
KB.05.B.146.15 20% vughs  
0.05->2mm 
not aligned 20% calcite (va-a 0.6-1.2 mm), iron oxides 
nodules (sa-r 0.5-1.9 mm), fragments 
of rocks (va 0.8-2.0 mm), sedimenta-
ry rocks (sa-r 0.5-1.3 mm) 
 G 
KB.06.E.701.2 30% vughs/vesicles 
0.05-2 mm 
not aligned 30% fragments of rocks (va 0.2-1.2 mm), 
iron oxides nodules (r 0.2-0.5 mm) 
micritic calcite (wr 0.2-1.2 mm), 
calcite (wr 0.2-1.0 mm), olivine (wr 
0.2-0.5 mm) 
 G 
KB.06.B.167.4 20% vesicles/vughs 
0.05->2mm 
not aligned 20% fragments of rocks (a-sa 1.0-2.0 mm), 
sedimentary rocks (a 0.9-2.0 mm) 
iron oxides nodules (sr 0.2-1.0 mm), 
quartz (sr-sa 0.1) 
 Loner 
(H) 
KB.06.B.413/2 10% vughs 
0.05-0.5mm 
Not aligned 40% fossils (el va 0.25-3.0 mm),  micritic 
calcite (sa 0.2-0.7 mm)  
 Loner 
(I) 
KB.05.A.58.1 30% vesicles/vughs 
0.05-0.5mm 
not aligned 30% quartz (sa-sr 0.25-0.5 mm), calcite 
(sa-sr 0.25-3 mm), iron oxides nod-
ules (r 0.5 mm) 
 E 
KB.05.B.126.1 20% vesicles/vughs 
0.05->2mm 
not aligned 10% 5:95 micritic calcite (va-sr 0.5-1.0 mm), 
iron oxides nodules (r 0.15-2.1 mm) 
quartz (sa-a 0.1 mm) E 
KB.05.B.146.7 40% vughs 
0.5->2mm 
not aligned 20% 
85:15 
sparry calcite (sa-a 0.8-1.5 mm), mi-
critic calcite (sa-sr 0.5-1.8 mm) 
iron oxides nodules (r 0.8 mm), grog 
(sa 1.0-1.9 mm), olivine (1 0.5 mm) 
quartz (sr 0.1 mm) Loner 
(C) 
KB.05.A.64.1 10% vughs/vesicles 
0.05- >2mm 
not aligned 20% 20:80 sedimentary rocks (a-sr 0.6-1.3 mm), 
sparry calcite (sa-a 0.8-1.5 mm), iron 
oxides nodules (sa 0.9-2.0 mm) 
quartz (sa-a 0.1 mm) F 
KB.05.B.126.3 10% vesicles/vughs 
0.05-0.5 mm 
not aligned 20% 
20:80 
sedimentary rocks (sr-r 0.3-1.3 mm), 
fossils fragments (va-wr 0.2-0.6 mm) 
calcite (wr-r 0.05-0.1 mm) F 




micritic calcite (va-sr 0.3-0.8 mm), 
calcite (va-sr 0.3-1.0 mm), sedimenta-
ry rocks (a-sr 0.6-1.0 mm), olivine (1 
calcite (wr-r 0.05-0.1 mm) F 
Table 3: Detailed results of optical microscopy analysis in thin section. In the last column 







3.4 XRD and SEM analysis  
XRD results highlighted the presence of 
quartz, calcite and less abundant illite.  
SEM images permit to define the degree 
of vitrification of the pottery samples to 
give preliminary information about the 
maximum firing temperature. Images 
clearly show that the glass phase did not 
develop in the studied samples, whereas 
only isolated smooth-surfaced areas or fil-
aments of glass appeared (Fig. 4). Chemi-
cal analysis showed that the composition 
of the groundmass is characterized by high 
contents of Si, Al, Mg, K, Na, Ca, Fe and 
that it is very similar in all the fragments.  
 
4. Discussion 
Despite the different macroscopic features, the results of micro-Raman and FTIR 
spectroscopies, thin section analysis, SEM-EDS and XRD analysis showed that 
groundmass and inclusions are the same in all analyzed fragments. 
The analysed samples contain mainly quartz and calcite as inclusions. K-feldspar and 
plagioclase have been also identified as inclusions in the matrix, probably deriving 
from igneous and/or metamorphic rocks outcropping in the area. 
Petrographic analysis, showing an homogeneous distribution of the different granulo-
metric classes of inclusions, indicates the use of poorly purified materials. This obser-
vation seems to support the hypothesis that the minerals present in the matrix could be 
natural inclusions of the clay and not intentionally added tempers.  
0.5 mm) 
KB.08.B.805.6 20% vughs 
0.05-0.5mm 
not aligned 30% calcite (va 0.3-1.2 mm) 
 
 G 
KB.09.B.820.10 10% vesicles/vughs  
0.05-2mm 
not aligned 30% calcite (a-sr 0.6-0.9 mm), fragments 
of rocks (sa 0.8-0.9 mm), fragments 
of fossils (sr-a 0.5-0.7 mm), iron 
oxides nodules (sa-sr 0.5-0.6 mm), 
quartz (sa-a 0.1 mm) 
 G 
KB.09.B.820.12 10% vughs  
0.05-2.0mm 
not aligned 20% fossils oosparite (wr 1.0-2.0 mm), 
micritic calcite (sa 0.2-0.7 mm), spar-
ry calcite (sa 0.2-0.7 mm), iron oxides 
nodules (r 0.15-2.1 mm) 
 F 
KB.09.B.820.13 10% vughs/vesicles 
0.05-2mm 
not aligned 30% fragments of rocks (a 0.8-2.0 mm), 
calcite (va 0.2-1.0 mm), iron oxides 
nodules (wr 0.2-0.7 mm) 
 G 
Figure 4: SEM image, matrix in the sample 
KB.05.B.146/15 Example of “first stage of 
vitrification”. 




The mineralogical composition is an important tool in the analysis of ceramic materi-
als to identify the newly formed minerals during firing process, and to establish the 
maximum firing temperature and the redox conditions of atmosphere, (Maggetti, 
1982; Cultrone et al., 2001; Maritan et al. 2005, 2006) giving information about the 
technological level reached at that time. 
Calcite is considered an important tracing of firing temperature as its thermal decom-
position into CaO and CO2, starting at around 650 °C, is completed at about 900 °C. In 
our samples, the diffuse presence of primary calcite marks a low firing temperature of 
the sherds. This hypothesis is supported by thin section analysis that allows to identify 
calcite as a primary phase, having  typical features of an initial stage of breakdown. 
The presence of diopside in the ceramic samples further contributes to estimate the fir-
ing temperature: its crystallization starts at temperatures higher than 850 °C as a prod-
uct of the reaction between clay minerals and calcium carbonate.  
Illite, identified by FTIR and XRD analysis, breaks down in the temperature range 
800-900 °C (Duminuco et al., 1998; Riccardi et al., 1999; Aras, 2004).  
Moreover, the occurrence of titanium dioxide polymorphs in four samples give further 
information on firing temperature; indeed, anatase remains stable in the range 600-900 
°C, and above this temperature range it converts into rutile.40 The presence of anatase 
may indicate a firing temperature lower than 900 °C (Gennari and Pasquevich, 1999).  
The presence of diopside, illite and calcite suggests a firing temperature ranging from 
850 °C to 900 °C, where these phases coexist and confirmed by morphological analy-
sis that allow to identify the “first stage of vitrification” (Tite and Maniatis, 1975; Tite 
et al., 1982).  
Hematite and magnetite play a significant role in defining  the atmosphere conditions 
during firing. The samples containing hematite show a red matrix related to an oxidiz-
ing atmosphere. 
On the contrary, the Raman spectra of ten samples with grey colour matrix reveal the 
only presence of magnetite suggesting reducing firing conditions. Furthermore, the 
majority of samples having a heterogeneous colour of the matrix, along the cross sec-
tion, suggests uncontrolled redox conditions during firing. 
Finally, apatite, barite and olivine occasionally occur in the samples and may be con-
sidered naturally present as non-plastic inclusions into the clays derived from geologi-
cal formations occurring in the area of Khirbet al-Batrawy. In particular, the presence 
of rare crystals of olivine is due to the presence of basaltic (olivine-bearing) rocks oc-
curring in the area and confirmed by microscopic analysis, whereas the presence of 
apatite suggests a contribution of granitic-metamorphic rocks. 
Gypsum has been identified in the ceramic matrix of the sherds, as scattered crystals 





related to the occurrence of sulphate minerals in the calcareous and  evaporitic rocks 
of Batrawy region used as raw materials (Freyer and Voigt, 2003). According to ex-
perimental data, as the gypsum-bassanite transition starts at 393 K (isothermal condi-
tion), and the transition bassanite-anhydrite is completed at 408 K we can make two 
assumptions (Ballirano and Melis, 2009a, 2009b). The first hypothesis is that the raw 
materials contained gypsum which during the heating cycle was transformed via de-
hydration into anhydrite, which remained stable up to 1000 °C. The second one is that 
the raw material contained anhydrite which remained unaffected during the heating 
process. In post-heating processes both anhydrite or bassanite were rehydrated into 
gypsum. 
The occurrence of gypsum as crusts on the surface may be related to the interaction of 
sherds with sulphate-rich fluids in burial environment. 
Micro-Raman analysis was the only procedure available in the characterization of 
pigments used for the surface decoration of the samples. Hematite has been used in 
red bands of sherds, whereas the black pigment was identified as amorphous carbon. 
In some EB IIIA samples carbon has been identified in the surfaces of undecorated ar-
eas. In this case, the occurrence of carbon on the surface can be explained as due to the 
use of the vessels or to the fire that destroyed Batrawy at the end of EB  IIIB. 
Despite the macroscopic differences observed among samples, the results of both mi-
cro-Raman spectroscopy and FTIR analysis support the hypothesis that KKW samples 
can be assigned to the same pottery production to which the other EB IIIA local pot-
teries belong. In particular, from the elaboration of FTIR spectra by PCA we can at-
tribute the KKW to the same local production of the Khirbet al-Batrawy ceramic in-
dustry.  
The fabric analysis, performed using polarized microscope, supports the local origin 
of KKW, previously quoted by spectroscopic analysis. The presence of apatite, olivine 
and basalt rocks fragments allows to hypothesize a local supply of raw material, prob-
ably from sources in the vicinity of the archaeological site. 
Information about the main feature of KKW sherds, i.e. the polished surface, have 
been also obtained. The Raman spectra of the only sherd with a red polished surface 
(KB.08.B.805/6) show the presence of hematite. The red colour of the matrix and the 
identification of hematite also in the matrix suggests a firing process characterized by 
oxidizing atmosphere. In the other dark polished surface fragments only amorphous 
carbon has been identified: in these samples Fe-spinel does not occurs. This amor-
phous phase might have a more significant role in the production process than ferrous 
compounds allowing the hypothesis of a reducing atmosphere produced by surround-
ing pottery with organic packing. High carbon content can be related to the use of or-
ganic matter-rich clay, probably used to make the thick slip of the surface. This hy-




pothesis can be supported for the samples KB.09.B.820/10 and KB.09.B.820/13 which 
have an oxidized body, which is not be supported by the presence of ferrous spinels 
(Tite et al., 1982). On the other hand, samples KB.09.B.820/12 and KB.08.B.805.34 
show a dark colour of the matrix. No evidence of magnetite has been found. The hy-
pothesis is that the high concentration of organic matter creates a reducing atmosphere 
that prevents the re-oxidation of the body.  
This variability in the resulting products indicates a not complete knowledge of the 
technological aspects of production of the original KKW, further supporting the local 
attribution of the samples analysed. It is also important to highlight that the shining 
slip of KKW was not due to a selected fine clay added on the surface or to particular 
firing process, but it is related to a mechanic hand-burnishing that allows the align-
ment of particles parallel to the surface, giving the lustrous aspect. 
5. Conclusions 
Archaeometric analysis allows to characterize pottery fragments and to contribute at 
the archaeological problem in the attribution of the origin of KKW pottery from Khir-
bet al-Batrawy. Indeed, the mineral composition of pottery allows identifying and de-
fining technological aspects of pottery production.  
The results suggest that the ceramic body of KKW was composed by quartz, calcite, 
hematite and minor amounts of feldspars and diopside, whereas the color of pigments 
of the surface are attributed to hematite and amorphous carbon for red and dark areas, 
respectively.  
Micro-Raman spectroscopy permits also the identification of the pigments of the sur-
face: the red areas are attributed to hematite, whereas the dark ones to amorphous car-
bon.  
The mineralogical assemblage indicates that the potteries were fired in the range of 
temperature between 850-900 °C in an uncontrolled atmosphere.  
The same conclusions are drawn for others EB IIIA potteries. The mineralogical com-
positions of the body and the petrographic fabrics identified further support the at-
tribution of KKW to the Khirbet al-Batrawy ceramic production. Moreover, the pres-
ence of apatite and olivine as well as fragments of basalt rocks allow to hypothesize a 
local provenance for the raw material. 
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